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ELECTRO-OPTIC DIAGNOSTIC TECHNIQUES FOR THE CLIC LINEAR
COLLIDER
Abstract
School of Engineering, Physics and Mathematics
University of Dundee
Doctor of Philosophy
by Rui Pan
One of the most promising devices to provide accurate measurement of the lon-
gitudinal bunch profile at the tens of femtosecond level is based on electro-optic
techniques. In this thesis, a bunch profile monitor, based on electro-optic spectral
decoding (EOSD), is currently developed for the CLIC Test Facility 3 at CERN.
The monitor is optimised for bunch lengths over 3.5 ps with effective window
of 16 ps, and sub-picosecond resolution. The measurement results from the EO
monitor are compared with measurements by coherent transition radiation on a
streak camera. The measurement on bunch charge dependence is studied. Timing
resolution of the bunch profile monitor is studied in both theory and numerical
calculation.
This thesis summarises a frequency analysis approach of electro-optic effect based
on χ(2) frequency mixing process. From the theory analysed in frequency domain,
a non-crossed polarization measurement includes all three of the probe laser back-
ground term, the linear term to Coulomb field and the quadratic term to Coulomb
field. Three methods are induced based on this frequency analysis result to re-
trieve Coulomb field value which is emitted from electron beam. The measured
1.3 MV/m field strength agrees with calculation result.
An experiment is designed to study the role of incident beam sizes and non-
collinear incident beams in EO technique. Due to the phase matching process, the
non-collinear angle of the incident beams induces a frequency dependent angular
chirp in the beams emitted after the EO crystal. This frequency offset may lead
to frequency loss in fibre coupling, and thus lead to bunch length broadening in
a measurement for short electron bunch.

Chapter 1
Introduction
A 3 TeV e+e− Compact Linear Collider (CLIC) is currently being studied at
CERN [1]. CLIC is based on a two-beam acceleration concept in which drive
beams with high current and high bunching frequency are continuously deceler-
ated to provide the required RF power for accelerating the colliding beams. To
reach high luminosity the machine relies on nanometre transverse beam sizes.
The bunch length must also be kept short to avoid any luminosity dilution [4].
The bunch length is of the order of few picoseconds in the injector complex,
the bunch length is then compressed down to 150 fs rms (root mean square)
just before the CLIC main linac. The beam diagnostics for longitudinal profile
measurement are challenging. The shortest bunches must be measured with a
resolution of 20 fs, and even at more modest sub-ps resolution, the diagnostics
should be non-destructive. Only very few instruments can provide longitudinal
profile measurement with femtosecond time resolution. The resolution of de-
flecting cavities has already been demonstrated better than 10 fs [5][6], but the
measurements are destructive. Moreover, to reach similar resolution on high en-
ergy beams (> 100 GeV) the devices would require the use of extremely high
power or a very long deflecting cavity, which might not be practical.
A non-intercepting solution for longitudinal diagnostics can be based on the
Electro-Optic (EO) technique [7]. This is based on the polarization change of
a laser beam which passes through a birefringent crystal itself polarized by the
Coulomb field of the electron beam. The first demonstration of EO sampling [8]
[9] for electron bunch length measurement was done at FELIX, the FEL facility
in the Netherlands. During the following years, EO single shot techniques have
been introduced and demonstrated on several accelerators in many distinct forms,
such as EO Spectral Decoding (EOSD) [10], EO Spatial Encoding (EOSE) [11],
EO Temporal Decoding (EOTD) [12] and EO spectral upconversion [13].
1
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This thesis starts with an introduction of the CLIC (Compact LInear Collider)
concept, before discussing the CLIC test facility at CERN. Longitudinal bunch
length diagnostics, including electro-optic methods, are reviewed in Chapter 1.
Chapter 2 gives the detailed derivations of electro-optic effect in frequency do-
main and its applications on three distinct EO schemes. Chapter 3 demonstrates
the design and implementation of an electro-optic based bunch profile monitor
for CALIFES beams at CERN. Following it, Chapter 4 shows the measurement
results and analysis from the bunch profile monitor as installed and commis-
sioned. Methods for obtaining bunch Coulomb field value are also demonstrated
in this chapter. An experiment on the impact of phase matching in non-collinear
geometry of the EO measurement is studied in Chapter 5. The thesis ends with
Chapter 6: conclusions and future perspectives.
1.1 Linear accelerator at CERN
This section presents an overview of the CLIC Test Facility 3 (CTF3) including
the CALIFES beam line and how their parameters scale with the real CLIC
design.
1.1.1 CLIC
The CLIC study aims at a centre-of-mass collision of multi-TeV (optimized on
3 TeV) e+e− collider. Considering the costing and size for this high energy pur-
pose, a 100 MV/m accelerating gradient is required. However the only options
for klystrons, as RF power sources, on the market cannot meet the CLIC re-
quirement. Therefore a two-beam acceleration technique is used to optimize the
production and the distribution of the required RF power on CLIC. The basic
concept of the two-beam acceleration techniques is to use low energy long pulse
klystrons to produce a drive beam. The drive beam is then decelerated and its
power is extracted to accelerate the main beam through the power extraction and
transfer structures (PETS). In this way, the drive beam can produce the required
gradient for accelerating the main beam. A general layout of the CLIC complex
is depicted in figure 1.1.
The drive beam is a 100 A peak current, 2.4 GeV energy, and time compressed
beam running parallel to the main beam. When the drive beam is decelerated in
PETS, it generates RF power with a high current and high bunching frequency,
which is used to accelerate the main beam. The drive beam complex can thus
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Figure 1.1: Layout of the 3 TeV CLIC Complex [1]: drive beam is accelerated
by klystrons and beam bunch frequency is multiplied by the delay loop and
combiner rings (CR). Then the drive beam is sent down to decelerator sectors.
Its energy is extracted and is transferred to accelerate the main beam. The
main beam is generated from injector linac. After the pre-damping ring (PDR)
and damping ring (DR), the beam bunch is compressed by bunch compressor
(BC) and accelerated by booster linac. Then the main beam is sent to the
main linac to be accelerated to 1.5 TeV after the turnaround (TA) loop. After
the beam delivery system (BDS), the beam is collided at the interaction point
(IP).
be seen as a power source, and is equivalent to a 12 GHz relativistic klystron
distributed over a distance of 48 km. To obtain the high current and high fre-
quency, the electron pulses in the drive beam are compressed and bunch frequency
is multiplied by going through the delay loop and combiner rings. Once the drive
beam trains have been combined, they are sent down to the CLIC tunnel and dis-
tributed to their respective decelerator sectors using turn-around loops. Bunches
are further compressed just before and after the turn-around loops. In the decel-
erator sector, the beam energy is gradually transformed into 12 GHz RF power
over some hundreds of meters.
The main beam is generated and pre-accelerated in the injector linacs. From the
exit of the damping rings, the main beam bunches are compressed in a first mag-
netic chicane, accelerated in a booster linac and transferred to the entrance of the
main linac through more than 20 km of beam line. After a final 1.5 km long turn-
around loop, bunches are compressed even further in a second magnetic chicane
to a final bunch length of 147 fs rms. The beam is then accelerated in the Main
Linac. The beam energy rises up to 1.5 TeV over a total distance of 20.5 km.
Along the entire Linac, the beam properties (beam position, current, emittance,
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Table 1.1: Longitudinal beam profile requirement for CLIC
Sub-systems Bunch length [ps] rms. Resolution [ps] rms.
Main Beam
e− Injector Complex 17 2
e+ Injector Complex 37 5
Injector Linac (e−/e+) 3 0.5
Pre-Damping Rings 17 2
Damping Rings 5 0.5
Bunch Compressors 1 1 0.1
Booster Linac 1 0.1
Transfer Lines 1 0.1
Bunch Compressors 2 0.15 0.02
Main Linac 0.15 0.02
Beam Delivery Sys-
tem
0.15 0.02
Drive Beam
Source and Linac 13 1
Delay Loops 7 1
Combiner Rings 7
Transfer to tunnel 7 1
Bunch compressors 3-7
Turnarounds 5 0.5
Decelerator 3 0.5
Dump lines 3 0.5
losses and bunch length) must be measured in a non-interceptive way to guar-
antee the overall performance of the machine and provide reliable information
for feedback systems. The beam is finally transported through the Beam Deliv-
ery System (BDS) to the Interaction Point. After collisions, the beam, highly
disrupted is then guided toward a huge water dump.
In order to make the complex collider becomes possible, precise beam instru-
mentations are required for beam dynamic consideration. The full knowledge
of longitudinal bunch profile is necessary for tuning of the system. From the
scheme of CLIC in year of 2012, 312 bunch profile (length) monitors are required
for the Drive Beam and 75 for the Main Beam. The longitudinal beam profile
requirement for CLIC is shown in table 1.1.
1.1.2 CTF3
A test facility for the CLIC scheme, CTF3, is located at CERN. A layout of
CTF3 complex is depicted in figure 1.2. The accelerator drive beam in CTF3
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Figure 1.2: A schematic layout of CTF3 [2]: the accelerator drive beam
starts from an injector and a linear accelerator (Linac). Following by a 42 m
long Delay Loop and a 84 m long Combiner Ring, the beam current and bunch
frequency of the drive beam are multiplied. The drive beam is provided to
a CLic EXperimental area (CLEX). CLEX includes Test Beam Line (TBL),
Two Beam Test Stand (TBTS), and CALIFES beam line. The PHIN area is
a PHoto Injector test facility.
starts with an injector and a linear accelerator. Following by a 42 m long Delay
Loop and an 84 m long Combiner Ring, the beam current and bunch frequency
of the drive beam are multiplied. A 30 ampere drive beam with 12 GHz bunch
repetition frequency can be provided to a CLic EXperimental area (CLEX). The
PHIN area is a PHoto Injector test facility.
CLEX includes several beam lines to test the two beams acceleration scheme for
CLIC, and also to test CLIC critical components and diagnostic. A small-scale
version of a CLIC decelerator which includes 16 consecutive PETS is currently
under test to study the efficiency of the drive beam deceleration in the so-called
Test Beam Line (TBL)[14]. The main motivation is to produce a constant power
production while maintaining the drive beam stable, with a minimum of par-
ticle losses. The two-beam concept is also studied experimentally in the Two
Beam Test Stand (TBTS), where both the drive beam and a probe beam travel
simultaneously in a CLIC module, passing through decelerating and accelerating
structures respectively. The probe beam line, known as CALIFES, starts with
a RF photo-injector, followed by 3 GHz accelerating structures taking the beam
energy up to 200 MeV. The CALIFES beam line is also used as a diagnostic test
bench.
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Figure 1.3: CALIFES layout[3]: the probe beam line is composed of one
photo-injector, three travelling-wave structures, and one section equipped with
beam diagnostics. The beam is then sent into TBTS.
1.1.3 CALIFES
The layout of the CALIFES beam line is depicted in figure 1.3. The accelerator
is composed of one photo-injector, three travelling-wave structures, and one sec-
tion equipped with beam diagnostics. The beam is then sent into TBTS where
it can be accelerated in CLIC-type accelerating structures. The photo-injector
uses a Cs2Te photocathode illuminated by 262 nm laser pulses [15][16]. Typical
bunches in CALIFES have a charge ranging from 85 to 600 pC depending on the
laser pulse energy and the quantum efficiency of the photo-cathode. The electron
bunch length, initially of 14.1 ps FWHM (Full Width at Half Maximum), is com-
pressed using velocity bunching in the first accelerating structure and in normal
conditions the bunches at the end of the linac are 6-7 ps FWHM. The machine
can be run either in a single bunch mode, or a multi bunch mode with a typical
pulse train consisting of 226 bunches over 150 ns at 5 Hz repetition rate. The
RF system of CALIFES relies on a single klystron equipped with pulse compres-
sion and providing an RF pulse of 45 MW within 5.5 µs. The beam energy can
reach up to 200 MeV at the end of the linac. Immediately afterwards, the beam
enters a diagnostic section including emittance, bunch length and energy spread
measurements.
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1.2 Methods for bunch longitudinal profile mea-
surement
Several techniques are capable of measuring the bunch length or longitudinal
profile with a sub-picosecond resolution, such as coherent synchrotron radiation
(CSR) [17], coherent transition radiation (CTR) [18] [19], coherent diffraction
radiation (CDR) [20][21], or transverse deflecting cavity (TDC) [5][6][22].
Coherent radiation can be generated by a short bunch of an electron beam at the
wavelengths longer than bunch length. The intensity of the coherent radiation
is enhanced because its power is proportional to the square of the number of
electrons within the bunch. In order to obtain bunch length information, which
can be derived from the coherent radiation spectrum, the spectrum is usually
measured by a Michelson interferometer or grating spectrometer. In another
way, the bunch length can also be directly measured by observing the optical
synchrotron or transition radiation with a streak camera.
Synchrotron radiation is generated when relativistic electron bunch is deflected
in bending magnets. Optical transition radiation appears when a charged parti-
cle crosses inhomogeneous media, a boundary of two media for instance. Tran-
sition radiation is a destructive measurement, while CDR and CSR are non-
intercepting (and largely non-invasive) diagnostics. Diffraction radiation appears
when a charged beam passes through an aperture in a metallic screen due to
the interaction of the electromagnetic field of the charge with the boundary. If
the screen is a slit between two semi-planes, radiation is induced by the current
changing in time on the screen. The two cones of induced radiation propagate
in the backward direction of specular reflection generate an interference pattern,
which includes the bunch information. Comparing to CTR, the impact of CDR
on a particle beam is significantly reduced.
Two further methods of bunch length measurement are installed on CALIFES
[23]. One uses a deflecting cavity driven by an additional klystron. When the
beam passes through the cavity, the particles experience a time-varying kick. The
longitudinal profile of the beam is thus transformed into a transverse profile and
can be measured by imaging on an optical transition radiation screen downstream.
In order to achieve fs resolution, TDC requires several meters long cavity and over
10 GHz RF frequency for GeV beam energy[24]. The other monitor measures the
beam energy dispersion introduced intentionally by the CLIC acceleration in the
two-beam test stand. When the beam goes through the accelerating structure,
the particles experience a time-varying acceleration (or deceleration) depending
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on the relative phase difference between the RF and the beam. The correspond-
ing increase in energy spread is measured in a spectrometer line and provides a
measurement of the bunch length. However, these two monitors require either
the presence of the drive beam to power the accelerating structure or an extra
driving klystron which is currently used for the regular operation of the CTF3
drive beam. In addition, both of these two methods are destructive. There is then
a strong requirement to build a dedicated bunch profile monitor for CALIFES.
1.3 Electro-optic bunch profile measurements
Electro-optic diagnostics has been widely used in many institutes, laboratories or
on accelerators, such as FELIX in Netherlands [25], BNL in USA [26], DESY in
Germany [27],PSI in Switzerland [28], Fermilab in USA [29], SLAC in USA [30],
SPring-8 in Japan [31], Daresbury Lab in UK [32], CERN in Switzerland/France
[33], ELYSE in France [34], UCLA Pegasus photo-injector laboratory in USA
[35], Sincrotrone Trieste Laboratory in Italy [36], SPARC-LAB in Italy [37], and
KIT in Germany [38].
Electro-optic bunch profile monitors are relying on the same technique as used in
Teraherz (THz) wave detection, electro-optic sampling. A paper about free-space
electro-optic sampling of THz beams was published in 1995 by Q. Wu and X.-C.
Zhang [39]. This setup was based on the linear electro-optic effect (Pockels effect)
which converts the THz electric field into laser polarization variation. In their
set-up, a picosecond long THz wave, generated by a gallium arsenide (GaAs)
photoconductive emitter, was scanned by 150 fs long laser pulses in a 500 µm
thick LiTaO3 crystal. The delay of the probe laser pulse was controlled by a
mechanical translation stage. In the following, zinc telluride (ZnTe) crystal and
gallium phosphide (GaP) crystal are mainly used in THz spectroscopy.
An application of EO technique for bunch profile measurement based on EO sam-
pling is reported by D. Oepts et al at the FELIX FEL facility in the Netherlands
in 1999 [8]. A 0.5 mm thick ZnTe crystal is used to detect 12 kV/cm THz field
strength by a 12 fs laser pulse at 800 nm centre wavelength. The EO sampling
scheme is shown in figure 1.4. The ultrafast laser is used as probe to measure a
several-ps Coulomb field profile. The arrival time of the probe laser can be con-
trolled by an optical delay stage. A polarizer, setting in front of the crystal, can
guarantee the incident laser is linearly polarized. In the EO crystal, the probe
polarization is changed by the applied Coulomb field. The second polarizer anal-
yses the polarization varies. Each time, the probe laser detects one specific time
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point of the Coulomb field profile. The whole bunch profile can be reconstructed
by using probe to scan through the Coulomb field profile. Since EO sampling is
not a single-shot technique, timing jitter between laser probe and e-bunch plays
a role in the measurement. A better signal to noise ratio, comparing to other EO
techniques, is its advantage, because the signal intensity at each scanning point
contributes to the entire probe pulse energy. It can also have a long scanning
window up to tens of pico-second. EO sampling has also been applied in other
diagnostics for electron bunches, such as wakefield measurement[9][40][29].
Figure 1.4: EO sampling scheme (P: Polarizer, QWP: Quarter-wave plate,
HWP: Half-wave plate, PD: Photo Diode.)
A single-shot concept of THz detection was reported by Galvanaoskas et al in
1991[41]. In 1998, the single-shot detection of THz was also reported by Zhiping
Jiang et al[42][43]. This detection technique encodes the THz profile into a laser
pulse which has been chirped to several picoseconds long by a pair of gratings and
is detected by a spectrometer and a camera. In 2002, a similar single shot EO
technique was applied for bunch profile measurement by I. Wilke et al at FELIX
FEL facility [10]. In this measurement, 30 fs laser pulses were linearly chirped to
20 ps (FWHM) duration and sent through a 0.5 mm thick ZnTe which is placed
in the accelerator and used to interact with the Coulomb field. Since the bunch
profile is encoded in the chirped laser pulse, and the time information is finally
decoded from the laser spectrum, this EO measurement is called spectral decod-
ing (EOSD). The EOSD scheme is shown in figure 1.5. EOSD has a simple set up
including a wavelength stretcher, EO crystal and crossed-polarizers detection. It
is fundamentally limited in its time resolution through the frequency-time map-
ping process[44][45]. While the precise value of the time resolution limit depends
on the laser parameters in a given implementation, in practice the resolution is
usually larger than 500 fs. This will be discussed in details in section 2.4.4.
A single-shot spatio-temporal THz field imaging technique was demonstrated by
Zhiping Jiang et al. in 1998 [43], which implies a starting of applying spatial
single-shot techniques. In 2000, a new EO single-shot technique relying on a
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Figure 1.5: EO Spectral Decoding scheme (P: Polarizer, QWP: Quarter-
wave plate, HWP: Half-wave plate.)
non-collinear geometry was reported by Jie Shan et al [46] for the THz beam
detection. Several demonstrations of spatial single-shot detection were developed
and applied in bunch profile measurements[47][30][26]. This technique, known as
Electro Optic Spatial Encoding (EOSE) was also applied for jitter measurements
between the electron bunch and the laser pulse at DESY by A.Azima in 2006[11].
One of the EOSE schemes is shown in figure 1.6. In this measurement, an ul-
trashort laser pulse with a large (≈ 5 mm) transverse beam size interacts with
the Coulomb field pulse in a non-collinear geometry. This arrangement leads to
a time-space mapping of the EO interaction, as different transverse parts of the
probe arrive at the EO crystal with different time delays. Through imaging of
the probe beam, and using of polarization optics to convert the EO interaction
into an optical intensity variation, it becomes possible to read out the effect of
the EO interaction as a function of time.
Figure 1.6: EO Spatial Encoding scheme (P: Polarizer, QWP: Quarter-wave
plate, HWP: Half-wave plate.)
A high temporal resolution, single shot characterization technique for THz pulse
was demonstrated in 2003 [48]. This technique, named electro-optic temporal
decoding (EOTD), was applied in bunch temporal profile measurement by G.
Berden, et al. at FELIX in 2004[12]. The shortest bunch lengths can be measured
down to 60 fs rms by a 65 µm GaP [5][27] and 170 fs rms by a 300 µm ZnTe
[49]. The resolution of EOTD is limited by the lowest resonance of EO material.
The EOTD scheme is shown in figure 1.7. In temporal decoding, the ultrafast
optical beam is split into two separate beams, a probe and a gate. The probe
is stretched to a pulse length of typically 20 ps, for example by passing through
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a grating pair. This stretched probe pulse is focused at the electro-optic crystal
inside the accelerator beam pipe at the measurement location, and samples the
bunch-induced birefringence in the electro-optic crystal. The stretched duration
sets the time window for the measurement. The phase retardation induced in
the crystal by the bunch field is translated into an intensity modulation on the
stretched pulse by passing it through an arrangement of polarizers. The decoding
process is through an optical cross correlation measurement, where the gate beam
serves as a short-pulse reference. The cross-correlator produces a time-space
mapping in a similar way to that described for EOSE. This encoded intensity is
then cross-correlated with the short pulse in a β-Barium Borate (BBO) crystal.
The non-collinear nature of the cross correlation geometry provides a mapping
of time to spatial position in the BBO crystal and the CCD. EOTD requires
high power laser for the reading out. The probe laser typically used for EOTD is
an amplified Ti:Sa laser with pulse length of a few tens of femto-second, centre
wavelength at 800 nm and pulse energy >1 mJ. The EOTD technique overcomes
the time resolution limit in EOSD technique by reading the signal from time
domain instead of reading it from frequency domain.
Figure 1.7: EO Temporal Decoding scheme (P: Polarizer, QWP: Quarter-
wave plate, HWP: Half-wave plate, BBO: β-Barium Borate crystal.)
In 2010, S.P. Jamison et al observed χ(2) sum and difference frequency mixing
induced spectral broadening of a narrow bandwidth probe by measuring Coulomb
field of an electron bunch, and proposed a new method, spectral upconversion,
for bunch profile measurement with a very narrow-band laser probe[13]. The
sideband generation concept was also examined for spectral resolution, sideband
amplitude and the effects of probe timing with a laser-driven broadband THz
source by J. van Tilborg et al [50]. The EO spectral upconversion scheme is
shown in figure 1.8. Due to the frequency mixing process, the sum- and difference-
frequencies ωopt±ωTHz can be observed. Then the spectrum intensity of the THz
wave (Coulomb field induced), including bunch profile information, is shifted to
the probe optical region, and can be observed, but the spectral phase informa-
tion is lost. In order to obtain the bunch temporal information, the spectral
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phase information needs to be retrieved. The phase retrieval technique by fre-
quency resolved optical gating (FROG) for the upconversion method was studied
in [51][52][53].
Figure 1.8: EO Spectral Upconversion scheme (P: Polarizer, QWP: Quarter-
wave plate, HWP: Half-wave plate.)
As fibre laser technology has developed, Ytterbium fibre lasers have been em-
ployed in the bunch profile measurements, alternating the high-costing and com-
plex Ti:Sa lasers in 2007[54]. In the following years, a compact EO bunch pro-
file monitor, based on EO sampling and EOSD scheme, was demonstrated in
[55][56][57] for SwissFEL. The monitor integrates all the required mirrors, polar-
izers, wave plates, splitters and EO crystal in a 418 mm by 123 mm area. A 0.5
mm GaP crystal is applied and its back is coated by reflective coating in order
to save a second mirror for extraction. The laser is coupled in and out of the
monitor by optical fibres.
A design of a novel EO based 3D bunch charge distribution monitor was intro-
duced in 2007 by H. Tomizawa and his co-workers for SPring-8 [58]. In the design,
eight EO crystals are assembled surrounding the e-beam axis radially. The EO
signals from the eight channels are encoded in one chirped broadband laser pulse
on different wavelengths. Finally the longitudinal and transverse bunch charge
distributions are restructured with tens of femto-second resolution within a single
shot. The feasibility test by two ZnTe crystals has been done in 2010 [59]. A
single organic DAST crystal was applied in bunch measurement and a EO based
timing feedback system was built in 2012 [60]. The monitor requested octave 300
nm broadband probe pulse with a linear chirp rate of 1 fs/nm was demonstrated
in 2013 [31].
1.4 Project aims
In the framework of the Compact Linear Collider (CLIC) study, the main electron
beam will have a bunch length as short as 150 fs rms. The requirement is to
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measure the detailed longitudinal profile of the bunch with a resolution of 20 fs
rms. In parts of machine, the bunch length is > 1 ps, and a non-invasive bunch
profile monitor is also required. A full knowledge of the bunch profile is desired
rather than just the value of the bunch length, and the measurement must be
totally non-intercepting. The optimum solution to this problem is electro-optic
measurement of the bunch Coulomb field, which can yield very reliable results at
CLIC parameters.
The research carried out within the PhD project described here is based on design-
ing, implementation and testing an EO bunch profile monitor for the CALIFES
beam of CTF3 at CERN. The new monitor is the first bunch profile monitor
based on EO technique in CTF3. The feasibility of applying EO technique on
CLIC can be tested by studying and evaluating the performance of the EO bunch
profile monitor on CALIFES beams.
Among all the EO techniques, the EO sampling provides best signal to noise
ratio since the full laser pulse energy is used to measure one sample point of a
profile. However the EO sampling is not a single shot technique, therefore the
bunch by bunch position jitter, timing jitter, charge jitter play an important
role in the bunch profile measurement. The EOTD overcomes the short bunch
broadening limitation which is described in Chapter 2, and provides the best
temporal resolution among all EO techniques. To achieve a cross auto-correlation
measurement for the EO signal, it requires powerful laser source. The laser source
is usually Ti:Sa laser with pulse energy >1 mJ, which is not available at CTF3.
The EO spectral upconversion also requires a powerful monochrome laser source,
which makes it being out of the choice for CALIFES. The EOSE provides a simple
setup to measure the bunch profile. However due to its non-linear incident beams
scheme and the phase mismatching in the EO crystal, the measured profile is
distorted. The EOSD has a relative simple scheme and requires only several nJ
pulse energy, therefore a economical ultrafast fibre laser can be used for the laser
source and it is practical at CTF3. The EOSD scheme is finally chosen as scheme
of the bunch profile monitor for CALFIES. The details of the monitor is discussed
in Chapter 3.
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Theoretical background
The description of electro-optic (EO) process can be given as a time varying
refractive index, or as a non-linear frequency mixing process. The refractive index
method has been developed by several researchers [61][62][63][64], and is widely
used. The theory can well describe any anisotropic/isotropic EO crystal, any
possible probe propagation direction, polarization and also arbitrary direction of
the THz wave. It is suitable for complex detection geometries.
The linear electro-optic effect can be seen as a low frequency approximation of
the three-wave mixing. The method of frequency domain analysis[65][66][13] can
provide a general result for the EO effect. This result can be used to describe not
only EO sampling, but also single-shot THz detection techniques. With the weak
THz signal approximation, the frequency analysis result is consistent with the
refractive index analysis method. The frequency analysis approach can be also
used to describe an intense incident THz signal with an extension [67]. However,
the intense THz incident beam is not the case in this thesis.
This chapter presents theoretical background of EO bunch profile measurement,
the EO principle, its detection and limitations, based on frequency analysis
method. Its applications on EO sampling, EO spectral decoding and EO spectral
upconversion are also discussed.
2.1 Bunch profile and its Coulomb field
An EO bunch profile monitor measures the Coulomb field of a charged relativistic
particle bunch. The similarity between the Coulomb field and electron bunch
itself depends on the beam energy and observation position. The distinction
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between bunch density and Coulomb field longitudinal profile must be taken into
account as it may degrade the absolute time resolution of the monitor. For a non-
relativistic particle, the Coulomb field is homogeneously distributed around the
particle and will not be representative of the bunch longitudinal profile. However,
when an electron is moving close to the velocity of light, its Coulomb field is
compacted, perpendicular to its direction of propagation with an opening angle
θ = 2
γ
[68], where γ is the relativistic Lorenz factor γ = 1√
1−( νc )
2 and ν, c are
the velocity of particle and light respectively. At very high energy, hundreds of
MeV for instance, the opening angle becomes so small that the profile of the
Coulomb field becomes an almost perfect replica of the bunch temporal profile.
The Coulomb field of an electron can be described as:
Ee0 (r) =
e0
4pi0
· 1
γ2
(
1− β2 sin2 ψ)3/2 · rr3 , (2.1)
where r is the vector from the electron to an observation point, ψ is the angle
between the electron direction of motion and r, e0 is the charge of an electron, 0
is vacuum permittivity and β = ν/c. Comparing longitudinal motion direction
(ψ = 0, pi) with transverse radial direction (ψ = pi/2), the electric field strength
in the longitudinal polarization is 1/γ3 of the transverse field strength. Therefore,
for a relativistic particle, the longitudinal electric field component can usually be
neglected.
Only considering the transverse component, equation 2.1 is transformed into
cylindrical coordinates at a radial displacement r0 from the beam propagation
path. Its field strength can be written as:
Ee0 (r0, t) =
e0γ
4pi0
· r0(
r20 + γ
2ν2 (t− t0)2
)3/2 , (2.2)
where is assumed that the electron has a constant speed ν moving along the
longitudinal direction, and t is the time in longitudinal direction, centred at
t = t0.
Equation 2.2 can be Fourier transformed into the frequency domain to give
E˜e0 (r0, ω) = FT [Ee0 (r0, t)]:
E˜e0 (r0, ω) =
e0
4pi0
· 1
γν2
·
√
2
pi
|ω|K1
(
r0
γν
|ω|
)
, (2.3)
whereK1 is a modified Bessel function of the second kind. Based on the equation
2.3, the radially offset Coulomb field spectrum for one electron is as shown in the
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figure 2.1. The calculation is based on 200 MeV electron energy at observation
positions of 1 mm to 6 mm offset to electron propagation axis. The plots high-
light that the high frequency components decay as the offset distance increases.
Frequency bandwidth is reduced from 15 THz at 1 mm offset to 3 THz at 6 mm
offset (FWHM). This bandwidth narrowing leads to temporal profile broadening.
Therefore, better timing resolution can be obtained with the observation point
closer to the beam.
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Figure 2.1: Coulomb field spectrum of one electron. Electron energy is 200
MeV, observe position offset to axis is from 1 mm to 6 mm.
To calculate the Coulomb field of an electron bunch, an electron density distri-
bution function ρ(t) is introduced. A bunch total field can be described by a
convolution of one electron field with the electron density distribution:
EColm (r0, t) = Ee0 (r0, t) ∗ ρ (t) . (2.4)
An an example calculation of the Coulomb field, a Gaussian electron density
distribution with duration σ0 is supposed here. Then, with bunch charge Q, the
charge density ρ(t) can be expressed as
ρ(t) =
1√
piσ0
· Q
e0
· e−
(t−t0)2
σ20 . (2.5)
Figure 2.2 shows Coulomb field broadening and its amplitude, with varies of
bunch lengths, beam energy, and radial offset as calculated using equation 2.4
and 2.5. A broadening ratio is defined as broadened length (τ) over original length
(τ0), and radial offset is the distance between an observation point and the center
of an bunch. The bunch length and pulse length, mentioned in this thesis, are
Page 17
Chapter 2 Theoretical background
30 70 110 150 190 230
0
100
200
300
400
500
Beam energy [MeV]
Br
oa
de
ni
ng
 le
ng
th
 [fs
]
 
 
r0:1 mm
r0:2 mm
r0:3 mm
r0:4 mm
r0:5 mm
r0:6 mm
(a)
1 2 3 4 5 6
1
1.005
1.01
1.015
1.02
1.025
1.03
1.035
1.04
Bunch length [ps]
Br
oa
de
ni
ng
 ra
tio
 (τ
/τ 0
)
 
 
r0:1 mm
r0:2 mm
r0:3 mm
r0:4 mm
r0:5 mm
r0:6 mm
(b)
1 2 3 4 5 6 7 8 9
0
1
2
3
4
5
6
Offset distance r0 [mm]
Co
ul
om
b 
fie
ld
 [M
V/
m]
 
 
Bunch length:1 ps
Bunch length:2 ps
Bunch length:3 ps
Bunch length:4 ps
Bunch length:5 ps
Bunch length:6 ps
Bunch length:7 ps
(c)
Figure 2.2: Calculation on Coulomb field broadening ratio and amplitude
with bunch charge, bunch length (FWHM), beam energy, and radial offset:
(a) Coulomb field broaden length for one electron as function of beam energy
from 30 MeV to 250 MeV, for radial offset from 1 mm to 6 mm; (b) Relative
increase in Coulomb field duration as function of bunch length for radial offset
from 1 mm to 6 mm. Bunch charge = 0.3 nC, and beam energy = 200 MeV;
(c) Coulomb field amplitude as function of radial offset for bunch charge 0.3
nC, Bunch length from 1 ps to 7 ps, and beam energy = 200 MeV.
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defined by full width at half maximum (FWHM), unless specifically mentioned
otherwise. Figure 2.2(a) shows the broadening length, as calculated from equation
2.2, for one electron as function of beam energy for radial offset from 1 mm to
6 mm. It can be seen that for an electron bunch with 200 MeV energy at offset
position of 2 mm, the broadening length is only 22 fs. The broadening increases
with the radial offset. In these calculations the beam is assumed to be entirely
on-axis, with no radial extent. The broadening ratio (τ/τ0) as function of the
transverse offset is shown in figure 2.2(b). For a short bunch less than 1 ps
length, the broadening is more obvious. While for a long bunch, such as 6 ps, the
broadening is less than 0.2%. The calculations are done under condition of 0.3 nC
bunch charge and 200 MeV beam energy. Figure 2.2(c) shows the amplitude of
the Coulomb field for different distances of the observer from the electron bunch
and gives a reference for the Coulomb field generated by 0.3 nC bunch charge and
bunch length from 1 ps to 7 ps. Taking CALIFES parameters as an example, the
Coulomb field at 2 mm offset, with 0.3 nC bunch charge, 6 ps bunch length and
200 MeV beam energy, is 1.4 MV/m. Since the Coulomb field is proportional to
the bunch charge, then the Coulomb field strength with same bunch length but
different charges can be easily calculated. The optimum distance of the observer
position would depend on a compromise among the expected time resolution, the
signal to noise ratio of the EO monitor and the risk of damaging the crystal if
the beam directly impinges on it.
2.2 Linear electro-optic effect
The electro-optic effect describes the change of a material refractive index induced
by applying a static or slowly varying electric field on it. Historically the linear
electro-optic effect is explained by the index ellipsoid. In an anisotropic optical
medium, the electric displacement D and electric field E has a relationship of
Di = 0
∑
j
ijEj. (2.6)
For a lossless and non-optically active material, the dielectric permeability tensor
ij has only 6 independent elements, xx, yy, zz, xy = yx, xz = zx, and yz =
zy, because of its symmetry. There is a new coordinate system, the principal
Page 19
Chapter 2 Theoretical background
axis system, can always be found to show the relationship as: DXDY
DZ
 = 0
 XX 0 00 Y Y 0
0 0 ZZ

 EXEY
EZ
 . (2.7)
As described in [69], the impermeability tensor is defined as ηij =
1
ij
= 1
n2ij
. The
impermeability ηij can also be expressed by a series expansion with an applied
electric field,
ηij = η
(0)
ij +
∑
k
rijkEk +
∑
k,l
sijklEkEl + · · · , (2.8)
where the rijk describes the Pockels effect (linear electro-optic effect) and sijkl
describes the Kerr effect, called Pockels and Kerr coefficients respectively. As
defined above, the rijk has only six independent elements and conventionally
expressed as rhk, h = 1, 2, 3, 4, 5, 6, where it is defined that the each component
x,y and z: xx → 1, yy → 2, zz → 3, yz = zy → 4, xz = zx → 5 and
xy = yx→ 6. .
2.2.1 Review on Pockels effect in ZnTe and GaP crystal
To apply the EO effect as a bunch profile monitor, ZnTe or GaP crystals are
commonly used. Because of a high symmetry in the zinc blende structure crystals
(43m point group), the Pockels coefficients have only one independent element
r41 = r52 = r63 and can be easily expressed by
rijk =
{
r41 : i 6= j 6= k
0 : others.
(2.9)
Therefore the impermeability tensor can be expressed by
ηij(ETHz) =
1

δij +
∑
k=1,2,3
rijkE
THz
k . (2.10)
For the application of Coulomb field detection by EO crystal, ZnTe (or GaP) is
cut on its (110) plane as shown in figure 2.3. Figure 2.3(a) shows the crystal
optical axis (x’,y’,z’) and 2.3(b) shows that the Coulomb field induced THz wave
normal incidents into the (110) plane of the EO crystal and its polarization has
an angle b refer to the new y-axis. The new coordinate system in 2.3(b) is the
crystal optical axis coordinate rotated by 45◦ around the [001] axis. Assuming
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(a) Crystal frame
(b) New coordinate frame
Figure 2.3: Scheme of coordinate frames: (a) Crystal frame (x’,y’,z’) with
crystal optical axis as the frame axis. Frame (x,y,z) shows the new coordinate
system which is 45 degree rotation around z’ axis from the crystal frame; (b)
New coordinate frame for fields normal incident into (110) plane: [110]-axis is
defined as y-axis and be considered as horizontal. Fields propagate alone -x
axis. The angle of laser polarization (Eopt) to y-axis is a, and Coulomb field
(ETHz) to y-axis is b. U1, U2 and U3 show the principal axis in this frame.
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the incident electric field ETHz travelling alone the -x-axis as shown in 2.3(b),
then its electric field in the old crystal coordinate system, which is in the figure
2.3(a) frame, can be expressed by
ETHz = ETHz
 −
1√
2
cos b
1√
2
cos b
sin b
 . (2.11)
Following the equation 2.9, 2.10 and 2.11, the impermeability tensor can be cal-
culated:
η(ETHz) =
1
n20
I + r41ETHz
 0 sin b
1√
2
cos b
sin b 0 − 1√
2
cos b
1√
2
cos b − 1√
2
cos b 0
 , (2.12)
where I is the identity matrix. In order to simplify the calculation, the principal
axes of equation 2.12 need to be found. In the frame of the principal axes, the
impermeability tensor takes the form of a diagonalise matrix. To diagonal the
above matrix, its eigenvalues have to be calculated:
λ1 =
1
n20
+ r41ETHz sin b,
λ2 =
1
n20
− r41ETHz
2
(
sin b+
√
1 + 3 cos2 b
)
,
λ3 =
1
n20
− r41ETHz
2
(
sin b−√1 + 3 cos2 b) . (2.13)
Their corresponded normalized eigenvectors in the crystal frame are:
U ′1 =
1√
2
 11
0

U ′2 =
1
2
√
1 + sin b√
1+3 cos2 b
 −11
2
√
2 cos b√
1+3 cos2 b+sin b

U ′3 =
1
2
√
1− sin b√
1+3 cos2 b
 1−1
2
√
2 cos b√
1+3 cos2 b−sin b
 .
(2.14)
Since the relationship between the eigenvalues and the refractive index is ni =
1√
λi
, the refractive index equation can be expended by Taylor series. Therefore
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the main refractive index can be obtained:
n1 = n0 − 12n30r41ETHz sin b
+ 3
8
n50 (r41ETHz sin b)
2
− 5
16
n70 (r41ETHz sin b)
3
+ · · · ,
n2 = n0 +
1
4
n30r41ETHz
(
sin b+
√
1 + 3 cos2 b
)
+ 3
32
n50
[
r41ETHz
(
sin b+
√
1 + 3 cos2 b
)]2
+ 5
128
n70
[
r41ETHz
(
sin b+
√
1 + 3 cos2 b
)]3
+ · · · ,
n3 = n0 +
1
4
n30r41ETHz
(
sin b−√1 + 3 cos2 b)
+ 3
32
n50
[
r41ETHz
(
sin b−√1 + 3 cos2 b)]2
+ 5
128
n70
[
r41ETHz
(
sin b−√1 + 3 cos2 b)]3
+ · · · .
(2.15)
In normal experimental conditions, the THz wave or Coulomb field is weak and
satisfies n20r41ETHz  1. Then the [n20r41ETHz]2 and higher order terms can be
ignored. For a crystal with a thickness d, a laser with frequency ω incidents the
crystal with same orientation as above. The phase retardation along the two
principal axis U2 and U3 can be calculated [70]:
Γ(b) =
ωd
c
(n2 − n3)
=
1
2
ωd
c
n30r41ETHz
√
1 + 3 cos2 b
+
3
8
ωd
c
n50 (r41ETHz)
2 sin b
√
1 + 3 cos2 b
+ · · · .
(2.16)
In order to know the principal axis angle θ, as referenced to the [110]-axis, a dot
product can be applied on these two axis, from which it follows that
cos 2θ =
sin b√
1 + 3 cos2 b
. (2.17)
In the case of the incident THz wave polarization is parallel to the [110]-axis,
which implies b = 0, then the principal axis angle θ = pi
4
. The second term in
the phase retardation equation 2.16 will vanish and the next term is considered.
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Then the phase retardation becomes:
Γ(b) =
ωd
c
n30r41ETHz +
5
8
ωd
c
n70 (r41ETHz)
3 + · · ·
=
ωdn0
c
n20r41ETHz
[
1 +
5
8
(
n20r41ETHz
)2
+ · · ·
]
.
(2.18)
Ignoring the third term of the phase retardation due to its small value, the phase
term of an electric field then becomes:
e−iΓ(b) = e−i
ωd
c
n30r41ETHz · e−i 58 ωdc n70(r41ETHz)3
≈
[
1− iωd
c
n30r41ETHz −
1
2
(
ωd
c
)2
n60 (r41ETHz)
2
]
·
[
1− iωd
c
5
8
n70 (r41ETHz)
3
]
= 1− iωdn0
c
n20r41ETHz −
1
2
(
ωdn0
c
)2 (
n20r41ETHz
)2 − iωdn0
c
5
8
(
n20r41ETHz
)3
−
(
ωdn0
c
)2
5
8
(
n20r41ETHz
)4
+ i
5
16
(
ωdn0
c
)3 (
n20r41ETHz
)5
.
(2.19)
The first two terms in the above equation 2.19 can also be obtained via an alter-
native derivation described in subsection 2.3.1. For a THz wave with 1 MV/m
field strength, the term n20r41ETHz is in the order of 10
−5 for ZnTe crystal and
780 nm probe, so that the third term and the following terms in equation 2.19
can be neglected. The third term only needs to be considered if the THz field
strength is of the order of 1 GV/m for ZnTe, or 100 MV/m for LiNbO3.
2.3 Analysis in frequency domain
The above standard phase retardation formula 2.16 comes from DC or low fre-
quency applied EO effect. To understand the whole THz pulse effect and consider
all frequency components, eg: for EO spectral decoding, it is useful to look at it
in frequency domain.
In order to study the electro-optic effect in frequency domain, the time domain
optical wave equation, which described the relationship between electric field E
and induced polarization P , is taken as a starting point from Maxwell’s equations
we have:
∇×∇×E + 1
c2
∂
∂t2
E = − 1
0c2
∂2P
∂t2
. (2.20)
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where the bold font denotes vector quantities. On the left side of equation 2.20,
∇×∇×E = ∇ (∇ ·E) −∇2E. The term ∇ (∇ ·E) is small if slowly varying
envelope approximation (SVEA) is applied. In particular, the electric field E
is supposed to be a transverse, infinite plane wave, and then it implies that
∇ ·E = 0. With basic relationships about polarization and electric field P (t) =
P (1)(t) + PNL(t) = 0χ
(1)E(t) + PNL(t), and (1) = 1 + χ(1), the equation 2.20
becomes:
∇2E − 
(1)
c2
∂2
∂t2
E = µ0
∂2PNL
∂t2
. (2.21)
The above equation describes a wave in a lossless and dispersionless medium.
To include dispersion, each frequency component needs to be considered. Let’s
consider only the left side of the above equation. The wave time domain ex-
pression E(t, x) can be supposed to be a plane wave propagation alone -x-axis
and becomes E(t, x), and it can be also expressed by all of its frequency (ω)
components:
E (t, x) =
∫
E˜ (ω, x) e−iωtdω,
E˜ (ω, x) = A˜ (ω, 0) eikx,
(2.22)
where the tilde symbol stands for the varies in frequency domain, k is wave vector,
and A˜ (ω, 0) is the initial amplitude of the electric field at position x = 0. Then
the main part in the second term of equation 2.21 becomes:
∂2
∂t2
E =
∫
∂2
∂t2
[
A˜ (ω, 0) ei(kx−ωt)
]
dω
=
∫
−ω2A˜ (ω, 0) ei(kx−ωt)dω.
(2.23)
Since the plane wave is assumed to be propagating in -x-axis, then the operator
∇2 can be replaced by ∂2
∂x2
. Therefore the first term of equation 2.21 becomes:
∇2E =
∫
∂2
∂x2
[
A˜ (ω, 0) ei(kx−ωt)
]
dω
=
∫ [
∂2
∂x2
A˜ (ω, 0) + 2ik
∂
∂x
A˜ (ω, 0)− k2A˜ (ω, 0)
]
ei(kx−ωt)dω.
(2.24)
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With a similar definition as equation 2.22, the induced polarization can be ex-
pressed by:
PNL (t, x) =
∫
P˜NL (ω, x) e−iωtdω,
P˜NL (ω, x) = P˜NL (ω, 0) eikx.
(2.25)
Thus, the right side of equation 2.21 is:
∂2
∂t2
PNL =
∫
−ω2P˜NL (ω, x) e−iωtdω. (2.26)
Applying the SVEA, | ∂2
∂x2
A˜ (ω, 0) |  |2ik ∂
∂x
A˜ (ω, 0) |, equation 2.24 can be sim-
plified by neglecting the term ∂
2
∂x2
A˜ (ω, 0). Finally putting equation 2.23, 2.24
and 2.26 into equation 2.21, then the wave equation in the frequency domain can
be obtained as:[(ω
c
)2
· − k2 + 2ik ∂
∂x
]
A˜ (ω, 0) eikx = −ω2µ0P˜NL (ω, x) . (2.27)
Turning to examine the expression for the polarization P˜NL (ω, x), only the sec-
ond order contribution P˜ (2) (ω, x) of the induced polarization is considered here.
This nonlinear effect can be described by the relationship of polarization change
induced by applied electric fields as:
P˜
(2)
i (ω3) =
∫ +∞
−∞
0
∑
jk
χ˜
(2)
ijk (ω3;ω1, ω2) E˜j(ω1)E˜k(ω3 − ω1)dω1, (2.28)
where χ˜
(2)
ijk is known as the second-order nonlinear optical susceptibility and it is
a third-order tensor. The generated frequency has a restriction that ω3 = ω1 +ω2.
The i, j, k refer to the wave polarization direction in Cartesian coordinate. The
equation 2.28 shows the induced polarization at the i axis by the two broadband
incident waves, which includes all frequency combinations.
In order to explain the χ˜
(2)
ijk related geometry in the crystal under a simply form,
only the contribution by two frequency components in equation 2.28 is considered
and p˜i(ω3) = 0
∑
jk χ˜
(2)
ijk (ω3;ω1, ω2) E˜j(ω1)E˜k(ω2) is defined. For ZnTe or GaP
crystal, the χ˜
(2)
ijk, referring to crystal axis as shown in figure 2.3, is:
χ˜
(2)
ijk(ω) =
{
χ˜(2)(ω) : i 6= j 6= k
0 : others.
(2.29)
Page 26
Section 2.3
In order to transform the χ˜
(2)
ijk from crystal frame in figure 2.3(a) to lab frame in
figure 2.3(b), the tensor is rotated according to:
χ˜
(2)
lmn =
∑
ijk
RliRmjRnkχ˜
(2)
ijk, (2.30)
where R is the rotation matrix. Then the induced polarization in the new frame
is:
p˜l =
∑
m
∑
n
χ˜
(2)
lmnE˜mE˜n, (2.31)
and it can be rewritten in full expansion:
p˜(ω3) = 0χ˜
(2) (ω3;ω1, ω2)
 E˜THzz (ω1) 0 E˜THzx (ω1)0 −E˜THzz (ω1) −E˜THzy (ω1)
E˜THzx (ω1) −E˜THzy (ω1) 0

 E˜optx (ω2)E˜opty (ω2)
E˜optz (ω2)
 .
(2.32)
The subscripts x, y, z show the polarization direction described in fig 2.3(b), and
‘opt’ stands for laser electric field at ω2, ‘THz’ for Coulomb field (which is in
teraherz frequency range) at ω1, in order to show clearly the frequency com-
ponents respected to our experiments. The angle of laser polarization (E˜opt)
to y-axis is defined as a, and Coulomb field (E˜THz) to y-axis is b. Therefore,
each components has such relationship to its whole field: E˜THzy = E˜
THz cos b,
E˜THzz = E˜
THz sin b, E˜opty = E˜
opt cos a and E˜optz = E˜
opt sin a. The both two in-
put fields are propagation along -x-axis, and then they don’t have x polarization
components (E˜optx = E˜
THz
x = 0). With these definitions, the equation 2.32 can
be rewritten as: p˜xp˜y
p˜z
 = 0χ˜(2)E˜THzE˜opt
 sin b 0 00 − sin b − cos b
0 − cos b 0

 0cos a
sin a
 , (2.33)
or equivalently:
p˜x = 0,
p˜y = − 0χ˜(2)E˜THzE˜opt sin(a+ b),
p˜z = − 0χ˜(2)E˜THzE˜opt cos a cos b.
(2.34)
The above equations imply that the induced polarization p˜ depends on the po-
larization angles of the input fields. Some specific cases have been taken for
examples: If the input laser and Coulomb field only has y polarization compo-
nent (a = 0 and b = 0), then the generated polarization only has z component
p˜z = −0χ˜(2)E˜THzE˜opt; Similarly, if a = 0 and b = pi/2, or b = 0 and a = pi/2, the
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induced polarization has only p˜y; If a = pi/2 and b = pi/2, no new polarization
generated.
In a general case, the lab frame can be transformed into the principal axis frame
in which the generated polarization components are parallel to the input optical
wave components. Mathematically, transforming the 3 by 3 matrix in equation
2.33 to its principal axis frame means diagonalising it. The eigenvalues can be
calculated as
λ1 = sin b,
λ2 = − 12
(
sin b+
√
1 + 3 cos2 b
)
,
λ3 = − 12
(
sin b−√1 + 3 cos2 b) , (2.35)
with corresponding normalized eigenvectors are:
U1 =
 10
0
 ,
U2 =
√
2
2
√
1 + sin b√
1+3 cos2 b
 01
2 cos b√
1+3 cos2 b+sin b
 ,
U3 =
√
2
2
√
1− sin b√
1+3 cos2 b
 0−1
2 cos b√
1+3 cos2 b−sin b
 .
(2.36)
The new principal axis vectors U1, U2 and U3 are actually identical with the
vectors 2.14 rotated by 45◦ around z-axis from crystal frame. The principal axis
angle θ refer to y-axis can be calculate from the dot production of U1 and y-axis
[0, 1, 0], and has the same form as equation 2.17 that: cos 2θ = sin b√
1+3 cos2 b
.
A maximum induced polarization is usually we are expecting in the experiment.
It can be obtained in the case that Coulomb field and laser’s polarizations are
only in y-axis, which means angle a = 0 and b = 0. Without loss of generality,
the induced polarization is discussed in one principal axis and can be expressed
by:
p˜(ω) = 0χ˜
(2) (ω; Ω0, ω − Ω0) E˜THz(Ω0)E˜opt(ω − Ω0). (2.37)
The above equation 2.37 shows the contribution from two frequency components
ω and Ω0. To consider broadband incident waves, equation 2.28 can be modified
to be in principal axis. Specific to THz detection case, the ω1 is defined as a
broadband THz frequency wave in Ω range, and ω3 as a general optical wave in
ω range. Therefore, the equation for the broadband waves is a integration over
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the whole THz wave spectrum:
P˜ (ω) = 0
∫ +∞
−∞
χ˜(2)(Ω)E˜THz(Ω)E˜opt(ω − Ω)dΩ
= 0
[
χ˜(2)(ω)E˜THz(ω)
]
∗ E˜opt(ω).
(2.38)
To clarify the notations, let ωopt = ω−Ω and ωsum = ω. Then equation 2.38 can
be substituted into the wave equation 2.27, and the generated electric field can
be obtained by solving this equation. As shown in reference[66], the solution is
E˜sum(ω, x) =
iω2
2c2kRopt(ω)
e−ikopt(ω)x·∫ +∞
−∞
dΩ
{
χ˜(2) (ω; Ω, ω − Ω)
[
ei∆k(ω,Ω)x − 1
i∆k(ω,Ω)
]
E˜THz(Ω, 0)E˜opt(ω − Ω, 0)
}
,
(2.39)
where the wavevector mismatch ∆k = kopt(ωsum−ωTHz)+kTHz(ωTHz)−kopt(ωsum),
and E˜(ω, 0) = A˜(ω, 0). To include both the sum frequency and difference fre-
quency generation, the k(−ω) = −k∗(ω) is also defined. With a definition that
the absorption is the imagenary part of the wavevector kIopt: k
I
opt(ω) ≡ β(ω),
and a reasonable restriction that optical refractive index nopt is constant which
implies zero group dispersion as shown in equation 2.40:
kRopt(ωopt) =
ωopt
c
nopt, and k
R
opt(ω) =
ω
c
nopt, (2.40)
where kRopt is the real part of the wavevector.
The total output wave is constituted by sum of the input optical wave and the
sum-, difference- frequency field:
E˜total(ω, x) = E˜opt(ω, x)− iωBeiωτ
[
E˜effTHz(ω, 0) ∗ E˜opt(ω, 0)
]
(2.41)
where
B = − x
cnopt
e−iβx, (2.42)
τ = noptx/c, (2.43)
ξ˜ (ω; Ω, ω − Ω) = e
i∆k(ω,Ω)x − 1
i∆k(ω,Ω)x
, (2.44)
E˜effTHz(ω) = χ˜
(2)(ω) · ξ˜(ω) · E˜THz(ω), (2.45)
where the ξ˜(ω) is the phase matching term.
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Equation 2.41 can be transformed to time domain:
Etotal(t, x) = Eopt(t, x) +B
d
dt
[
EeffTHz(t− τ, 0)Eopt(t− τ, 0)
]
, (2.46)
EeffTHz(t, 0) = χ
(2)
t (t) ∗ ξt(t) ∗ ETHz(t, 0). (2.47)
Equation 2.41 and 2.46 are the general results for the EO effect with χ(2). These
results can be applied in specific cases, such as EO sampling, EO spectrum de-
coding, and upconversion measurement.
2.3.1 EO sampling
The principle of EO sampling is based on Pockel effect and its scheme can be
found in figure 1.4. In this case, the femtosecond laser pulse is used as a probe
to scan through the whole picosecond THz wave profile, which requires the laser
pulse has a broadband in frequency domain and meanwhile the THz frequency
band should be narrow. The convolution term in equation 2.41 can be expanded
as:
M˜(ω) =
∫
E˜opt(ω − Ω) · E˜effTHz(Ω)dΩ. (2.48)
Now the optical electric field is defined as:
E˜opt(ω) = |E˜opt(ω)| · eiφ(ω). (2.49)
In the EO sampling case, the optical frequency and THz frequency have a relation
of ω  Ω, and the bandwidth of optical laser and the bandwidth of THz have a
relation of ∆ω  ∆Ω. Therefore a reasonable approximation can be made:
|E˜opt(ω − Ω)| ≈ |E˜opt(ω)|. (2.50)
In addition, the optical laser pulse is assumed near transform-limited, which
implies its spectral phase is frequency independent of THz frequency offsets.
Thus,
eiφ(ω−Ω) ≡ eiφ(ω). (2.51)
Putting the definition equation 2.49, the approximation equation 2.50 and equa-
tion 2.51 into the convolution term of equation 2.41, the E˜opt(ω − Ω) ≈ E˜opt(ω)
term is not related to Ω anymore and can be moved out of the integration, there-
fore only the E˜effTHz(Ω) term left. Please note here, a term e
iΩt is induced here as
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the time delay between the optical wave and the THz wave by scanning. Then
the integration can be seen as an inverse Fourier transform:∫
E˜effTHz(Ω) · eiΩtdΩ = EeffTHz(t). (2.52)
A phase delay term eiωτ outside the convolution in equation 2.41 shows the gained
phase by propagation from 0 to distance x for the input optical wave. Therefore,
applying E˜opt(ω, x) = E˜opt(ω, 0)e
iωτ , we can get:
E˜total(ω, x) = E˜opt(ω, x)
[
1− iωB · EeffTHz(x, t)
]
. (2.53)
With a low THz field strength restriction:
ωBEeffTHz(t) 1, (2.54)
and applying a reverse Taylor series expansion and ignoring the higher orders
that 1 + x ≈ ex, equation 2.53 can be rewritten to:
E˜total(ω) = E˜opt(ω) · e−iωB·E
eff
THz(t). (2.55)
From the above equation, the phase retardation Φ = ωB ·EeffTHz(t). To expend it
in details, apply equation 2.42 and also the relationship χ(2) = −r41n4 [63] into
the phase retardation, then we can get:
Φ =
ωx
c
n3optr41E
eff
THz(t) · e−k
I
optx. (2.56)
If a lossless media is assumed here, then there is no absorption which leads to
e−k
I
optx = 1. Then this result is consistent with the maximum phase retardation
from the refractive index approach in equation 2.16.
2.3.2 EO Spectral Decoding
EOSD encodes the THz profile into a linear chirped optical pulse and its scheme
can be found in figure 1.5. The laser pulse is still broadband compared to the
THz wave, but the optical spectral phase depends on frequency which implies
eiφ(ω−Ω) 6= eiφ(ω) due to the linear chirp. With a Taylor expansion on the phase
term of equation 2.49, the phase of an optical electric field can be expressed at
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ω0 by
φ(ω) = φ(ω0)+φ
′
(ω0)(ω−ω0)+1
2
φ
′′
(ω0)(ω−ω0)2+1
6
φ
′′′
(ω0)(ω−ω0)3+· · · , (2.57)
where φ
′
(ω0) =
dφ
dω
|ω=ω0 , φ′′(ω0) = d
2φ
dω2
|ω=ω0 , and φ′′′(ω0) = d
3φ
dω3
|ω=ω0 are defined
here. For an ideal linear chirp, the phase only has the first three terms, therefore:
φ(ω) = φ(ω0) + φ
′
(ω0)(ω − ω0) + 1
2
φ
′′
(ω0)(ω − ω0)2. (2.58)
Focusing on the convolution term in equation 2.41, and substituting equation
2.58, it can be seen that
M˜(ω) =
∫
E˜opt(ω − Ω) · E˜effTHz(Ω)dΩ
=
∫
|E˜opt(ω)|e−iφ(ω−Ω)E˜effTHz(Ω)dΩ.
(2.59)
The phase can be expressed by
φ(ω − Ω) = φ(ω)− φ′(ω0)Ω− φ′′(ω0)(ω − ω0)Ω + 1
2
φ
′′
(ω0)Ω
2. (2.60)
An approximation is made for the amplitude of the broadband laser pulse,
|E˜opt(ω − Ω)| ≈ |E˜opt(ω)|. (2.61)
Putting equation 2.60 and 2.61 into 2.59, the core convolution term can be rewrit-
ten as:
M˜(ω) = |E˜opt(ω)|e−iφ(ω)·
∫
e
i
[
φ
′
(ω0)+φ′′(ω0)(ω−ω0)
]
Ω·e−iφ
′′(ω0)
2
Ω2 ·E˜effTHz(Ω)dΩ, (2.62)
with the definition
τ ≡ φ′′(ω0)(ω − ω0). (2.63)
Equation 2.62 can be rewritten as [71]
M˜(ω) = E˜opt(ω) ·
∫
e−i
φ′′(ω0)
2
Ω2 · E˜effTHz(Ω) · eit0Ω · eiτΩdΩ
= E˜opt(ω) ·
{
EeffTHz(τ + t0) ∗
[√
pi
β
· e
(
iτ2
4β
− ipi
4
)]}
,
(2.64)
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where β ≡ φ
′′
(ω0)
2
, τ = 2β(ω − ω0), and the inverse Fourier transform
FT−1
[
e−iβΩ
2
]
=
1
2pi
√
pi
β
· e
(
iτ2
4β
− ipi
4
)
. (2.65)
Therefore, to sum up the above equations, the equation 2.59 can be finally ex-
pressed by
M˜(ω) =
∫
E˜opt(ω − Ω) · E˜effTHz(Ω)dΩ
=
√
pi
β
· E˜opt(ω) ·
[
EeffTHz(τ + t0) ∗ e
(
iτ2
4β
− ipi
4
)]
=
√
pi
β
· E˜opt(ω) · EbTHz(τ + t0),
(2.66)
where EbTHz(τ) = E
eff
THz(τ)∗e
(
iτ2
4β
− ipi
4
)
. The convolution term shows the resolution
limitation for EOSD, which is described in details in the subsection 2.4.4.
2.3.3 Spectral upconversion
In a spectral upconversion measurement, a monochromatic optical laser is used
as probe. Its scheme can be found in figure 1.8. This technique requires a narrow
bandwidth laser probe. Then the THz profile can be frequency up converted as
the side bands of the central laser frequency without overlapping.
A monochromatic wave can be defined as
E˜opt(ω) = A · δ(ω − ω0), (2.67)
where A is the amplitude of the optical wave. Following the same approach on
the previous subsection, a different optical electric field definition 2.67 is put into
equation 2.59:
M˜(ω) =
∫
E˜opt(ω − Ω) · E˜effTHz(Ω)dΩ
= A ·
∫
δ(ω − ω0 − Ω) · E˜effTHz(Ω)dΩ
= A · δ(ω − ω0) ∗ E˜effTHz(ω)
= A · E˜effTHz(ω − ω0).
(2.68)
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From the above equation, the result of the convolution term is a replica of THz
spectral profile but centered at optical laser frequency ω0.
2.4 Electro-optic detection
2.4.1 Jones matrices
The core component of a EOSD system is a two-crossed-polarizer setup. It con-
tains a polarizer, EO crystal, a quarter-wave plate (λ/4 wave plate), a half-wave
plate (λ/2 wave plate) and another polarizer which is crossed with respect to the
previous one. A scheme of this setup is shown in figure 2.4. In the figure, optical
beam and THz beam propagate in the blue arrow direction. Polarizations of op-
tical beam and THz beam to horizontal plane have angles of a and b respectively.
The principal axis of EO crystal has an angle of θ. Quarter wave plate (λ/4) has
an angle α and half wave plate (λ/2) has an angle of ϕ.
Figure 2.4: EO detection scheme: the blue arrow through all optical compo-
nents shows the optical beam and THz beam propagation direction. Polariza-
tions of optical beam and THz beam to horizontal plane have angles of a and
b respectively. The principal axis of EO crystal has an angle of θ. The quarter
wave plate (λ/4) has an angle α and half wave plate (λ/2) has an angle of ϕ.
The EO crystal induces a frequency mixing between the Coulomb field and laser
pulse due to its non-linear coefficient. A combination of λ/4 wave plate and λ/2
wave plate can compensate the residual birefringence in the EO crystal and adjust
the background in the output signal. The residual birefringence comes from the
holder pressure applied on the crystal, or through strain introduced in crystal
growth. Using a Jones matrix formalism, the output electric field polarization
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can be described by the following matrix:[
E˜yout (ω)
E˜zout (ω)
]
= R (ϕ)MHR (−ϕ)R (α)MQR (−α)R (θ)MEOR (−θ)
[
cos(a)
sin(a)
]
E˜opt (ω) ,
(2.69)
where the R (θ) is rotation matrix:
R (θ) =
[
cos θ − sin θ
sin θ cos θ
]
, (2.70)
R (−θ) =
[
cos θ sin θ
− sin θ cos θ
]
. (2.71)
MH and MQ are Jones matrices for half-wave plate and quarter-wave plate re-
spectively:
MQW =
[
ei
pi
4 0
0 e−i
pi
4
]
, (2.72)
MHW =
[
ei
pi
2 0
0 e−i
pi
2
]
. (2.73)
The frequency mixing in the EO crystal is described in MEO matrix as [66]:
MEO =
 (1 + iωxnc · λ2 · E˜effThz∗) 0
0
(
1 + iωx
nc
· λ3 · E˜effTHz∗
)  , (2.74)
where λ2, λ3 are eigenvalues from equation 2.35 and include the THz polarization
angle. E˜effTHz (Ω) is defined as the effective THz wave (Coulomb field). It includes
the nonlinear coefficient of the EO crystal and the phase matching term which can
be seen in equation 2.45. Usually the polarization of the optical beam is parallel
to horizontal plane, in which case the angle a = 0. The THz wave polarization is
also usually set in horizontal b = 0, then λ2 = 1, λ3 = −1 and the angle of crystal
principal axis θ = pi/4. For a crossed polarization detection, there is a polarizer
after the last half wave plate to only let the vertically polarized optical beam
pass. Therefore the output signal only has E˜zout (ω) components. To simplify the
expression, let E˜out (ω) = E˜
z
out (ω). Through a calculation on equation 2.69, we
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can obtain:
E˜out (ω) = −
√
2
2
[
E˜opt (ω) sin 2 (α− ϕ) + sin 2 (θ − ϕ) xω
cn
E˜effTHz (ω) ∗ E˜opt (ω)
]
−
√
2
2
i
[
E˜opt (ω) sin 2ϕ+ sin 2 (α− θ − ϕ) xω
cn
E˜effTHz (ω) ∗ E˜opt (ω)
]
.
(2.75)
The above equation shows the output electric field, where the ϕ is the angle of
half-wave plate, α is quarter-wave plate angle, and θ is EO crystal angle. However
the measured signal is the intensity of this field. Therefore I = 1
2
0cE˜out (ω) ·
E˜∗out (ω) should be calculated. A general result is shown in equation 2.76:
I =I1 + I2 + I3,
I1 =
0c
4
∣∣∣E˜opt (ω)∣∣∣2 · [sin2 2 (α− ϕ) + sin2(2ϕ)] ,
I2 =
0c
4
{
E˜opt (ω) ·
[
E˜effTHz (ω) ∗ E˜opt (ω)
]∗
+ E˜∗opt (ω) ·
[
E˜effTHz (ω) ∗ E˜opt (ω)
]}
· xω
cn
[sin 2 (α− ϕ) sin 2 (θ − ϕ) + sin 2ϕ sin 2 (α− θ − ϕ)] ,
I3 =
0c
4
∣∣∣E˜effTHz (ω) ∗ E˜opt (ω)∣∣∣2 (xωcn )2 [sin2 2 (α− θ − ϕ) + sin2 2 (θ − ϕ)] .
(2.76)
For a EOSD scheme, the convolution term in I2 can be transformed as in the
equation 2.66, since the E˜opt (ω − Ω) can be written as a Taylor expansion about
ω. Then the second term can be rewritten to:
I2 =
0c
2
∣∣∣E˜opt (ω)∣∣∣2 xω
cn
√
pi
β
[
EeffTHZ (τ + t0) ∗ cos
(
τ 2
4β
− pi
4
)]
× [sin 2 (α− ϕ) sin 2 (θ − ϕ) + sin 2ϕ sin 2 (α− θ − ϕ)] .
(2.77)
With the same transform, the third term I3 can be rewritten to:
I3 =
0c
2
∣∣∣E˜opt (ω)∣∣∣2 (xω
cn
)2 pi
2β
∣∣∣∣EeffTHz (τ + t0) ∗ e( iτ24β − ipi4 )∣∣∣∣2
× [sin2 2 (α− θ − ϕ) + sin2 2 (θ − ϕ)] , (2.78)
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or in the form of:
I3 =
0c
2
∣∣∣E˜opt (ω)∣∣∣2{∣∣∣∣EeffTHz (τ) ∗ cos( τ 24β − pi4
)∣∣∣∣2 + ∣∣∣∣EeffTHz (τ) ∗ sin( τ 24β − pi4
)∣∣∣∣2
}
·
(xω
cn
)2 pi
2β
[
sin2 2 (α− θ − ϕ) + sin2 2 (θ − ϕ)] .
(2.79)
The equation 2.76 is a general result for the EO detection settings. The first
term I1 of this result is the leaked laser background, which only depends on the
intensity of probe laser pulse. The second term I2 is related to laser intensity and
THz wave electric field. And the third term I3 is related to laser intensity and
THz wave intensity. Since all the three terms are related to laser probe intensity,
the result signal can be normalized by laser intensity easily.
2.4.2 Crossed polarization detection
For setting of an ideal crossed polarization detection, a scheme of which is shown
in figure 1.5, the angles of the half-wave plate and the quarter-wave plate are
equal to zero (α = 0, ϕ = 0). Therefore, the matrix 2.69 can be simplified, and
the optical polarization angle a is remained in the matrix. As an ideal crossed
polarization, a second polarizer is induced in the matrix after the EO crystal
matrix, which is always set to perpendicular to the input optical polarization. It
is shown in equation 2.80:
E˜out (ω) =
[
− sin a cos a
]
R (θ)MEOR (−θ)
[
cos a
sin a
]
E˜opt (ω) . (2.80)
The result, including the optical polarization angle and THz polarization angle,
is
E˜out (ω) =
iωx
nc
√
1 + 3 cos2 b
2
· sin[2(θ − a)] · E˜effTHz (ω) ∗ E˜opt (ω) . (2.81)
Therefore, the intensity can be calculated in a expression of
ICP =
0c
2
(xω
cn
)2 ∣∣∣E˜effTHz (ω) ∗ E˜opt (ω)∣∣∣2 · (1 + 3 cos2 b)4 sin2[2(θ − a)]. (2.82)
This result includes the polarization angles of input optical beam a and THz
beam b. In the case that Coulomb field and laser polarization are only in the
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horizontal plane (a = b = 0), the EO crystal principal axis angle θ is pi
4
as usual.
The crossed polarization detection can be expressed by
ICP =
0c
2
(xω
cn
)2 ∣∣∣E˜effTHz (ω) ∗ E˜opt (ω)∣∣∣2
= Ilaser ·
(xω
cn
)2 pi
β
∣∣∣∣EeffTHz (τ + t0) ∗ e( iτ24β − ipi4 )∣∣∣∣2 , (2.83)
where Ilaser =
1
2
0c
∣∣∣E˜opt (ω)∣∣∣2. The result shows it is proportional to THz wave
intensity in the crossed polarization setting.
This result can be also obtained from equation 2.76 under the setting that α = 0,
ϕ = 0, and θ = pi
4
. In this case, the I1 and I2 terms vanish, and only the I3 term
remains.
2.4.3 Balanced detection
Figure 2.5: Balance detection scheme. QWP: Quarter Wave Plate, PBS:
Polarizing Beam Splitter
In the balanced detection arrangement, which is shown schematically in figure
2.5, the laser pulse encodes the Coulomb field (THz wave) in the same way as
previously described. However, after the ZnTe crystal the probe goes through a
quarter-wave plate and a polarising beam splitter, and finally the two orthogo-
nally polarized beams are captured by two photodiodes. The final signal is the
difference in intensities measured by the two photodiodes. The balance detection
signal can be calculate through the matrix 2.69 by setting half wave plate angle
ϕ = 0 and quarter wave plate angle α = pi
4
. The measured signal intensity is:
IBD = |E˜yout (ω) |2 − |E˜zout (ω) |2. (2.84)
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The intensities on each photodiode includes all three terms described by equation
2.76. For the difference signal of the balance detection scheme, we obtain
IBD = Ilaser
xω
cn
√
pi
β
[
EeffTHZ (τ + t0) ∗ cos
(
τ 2
4β
− pi
4
)]
· sin[2(a−θ)] ·
√
1 + 3 cos2 b.
(2.85)
If the input Coulomb field and the probe laser pulse have only a horizontal po-
larization component, which means a = b = 0 and θ = pi
4
, then the result 2.85
has the same form but double the value as the second term in equation 2.76:
IBD = 2I2. The result shows it is proportional to THz wave electric field in the
balance detection setting.
2.4.4 Detection limitations
For an EOSD measurement, a bunch temporal profile is encoded in a laser pulse
spectrum. The relationship between time scaling and frequency scaling depends
on the chirp parameter of the laser pulse. Since the chirp is fixed when performing
measurements, the time-frequency mapping relationship is fixed too. However,
for a short bunch, a fast modulation is applied in the EO crystal, and it distorts
the mapping relationship and leads to a broadening and interference in the signal.
A calculation for the broadening of measured bunch lengths (blue and green)
and the original bunch lengths (red) is shown in figure 2.6. This calculation is
based on equation 2.77 and 2.78, referring to the parameters of CALIFES EO
bunch profile monitor, with 130 fs transform limited laser pulse chirped to 13.8
ps. The Coulomb field is assumed to be a Gaussian shape with bunch length
from 0.7 ps to 10.5 ps. The bunch length broadening starts from 5 ps bunch
length. The shorter the bunch length, the larger the broadening appears. This
limitation determines the shortest bunch that this EOSD system can measure,
which is different from system resolution.
It is possible to explain the broadening through equations 2.83 and 2.85. From the
EOSD crossed polarization measurement, the actual measured signal is not the
Coulomb field itself but a convolution of it and a term of e
(
iτ2
4β
− ipi
4
)
. Meanwhile,
for a EOSD balance detection, the measured signal is a convolution between the
Coulomb field and a term cos
(
τ2
4β
− pi
4
)
. These two convolution terms leads to a
broadening on the measured signal for short bunches. Their behaviour is shown
in figure 2.7.
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Figure 2.6: Calculation for bunch length broadening from EOSD: x-axis is
original bunch length from 0.7 ps to 10.5 ps and y-axis is the calculated bunch
length from EOSD. Red star line shows no broadening, blue circle line shows
the broadening from the cosine term and green cross line shows the broadening
from the exponent term
In figure 2.7(a), the original 6 ps Gaussian bunch profile and the cosine and sine
terms are shown. Since τ = 2β(ω − ω0), these two oscillating terms are only
related to the chirp parameter β, which is related to original laser duration and
chirped duration [45] according to β = 1
2
√
σ20σ
2
c − σ40 ≈ T0Tc/[8 ln(2)], where
T0 and Tc refer to the laser transform limited and chirped FWHM durations
respectively. Once the chirp is determined, the sine and cosine terms are fixed.
The effect of the convolution can be summarised by referring to a width of the
convolution cosine and sine functions. The length of the cosine term can be de-
fined by the length of the middle peak, which is the width when the cosine term
equals to zero: w =
√
12piβ ≈ 2.6√T0Tc. For a 130 fs laser pulse chirped to 13.8
ps, the width w = 3.5 ps. For a 6 ps long bunch, the convolution result is mainly
determined on the shape of the bunch as shown in figure 2.7(b). The cross polar-
ization detection and balance detection have a similar result. Reducing the bunch
length to 3 ps, less than the width of cosine term but larger than the sine term
w2 =
√
4piβ = 2.0 ps, the measured signal starts to broaden slowly. An example
calculation is shown in figure 2.7(c). For a 1 ps bunch length, which is smaller
than the width of the sine and cosine terms, the signal is broadened significantly,
as shown in figure 2.7(d). In this case, the measured signal from cross polariza-
tion detection only shows the broaden signal, but signal from balance detection
records an additional oscillation arising from interference in EO-generation and
input optical pulses.
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Figure 2.7: The role of the convolution terms: Green line shows the bunch
Coulomb field profile in a function of time τ . (a) shows the bunch profile,
the sine term and cosine term for a 6 ps bunch duration. (b)(c)(d) show the
convolution results on each terms comparing to the original bunch profile for
6 ps, 3 ps and 1 ps respectively.
2.5 Detection signal dependence on crystal ori-
entation
For an EO measurement a high signal to noise ratio is highly desirable. To achieve
a high signal magnitude, which is related to the orientation of crystal, polarization
of input Coulomb field (THz wave) and laser wave, is required. In this section,
the relationship between EOSD signal intensity, orientations of crystal and input
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waves is discussed. An example is given on the optimization method for the
implementation of a rotated [110]-axis crystal.
2.5.1 Definition and theory
An often used (110)-plane cut ZnTe crystal is assumed here. The [110]-axis is set
to horizontal as y-axis (lab frame). Coulomb field polarization angle is defined
as b, corresponding to a rotation from the y-axis, and laser polarization angle to
y-axis is defined as a, as shown in figure 2.3(b).
The detection signal can be calculated by equation 2.82 and 2.85, depending on
the setup scheme of the measurement. In order to study quantitatively, some
apecific parameters are assumed here: ω0 = 2.35 × 1015 rad · s−1 (i.e. λ = 800
nm), d = 4 mm is the thickness of crystal, n0 = 3.22 is the refractive index of
laser pulse in the crystal and r41 = 4.04 × 10−12 m/V. Based on equation 2.17,
the angle of principal axis to y-axis θ can be written as:
θ (b) =
1
2
arccos
(
sin b√
1 + 3 cos2 b
)
. (2.86)
With the above physical parameter choices the detection signal intensity with
Coulomb field angle b, probe beam angle a and crystal angle θ can be calculated.
2.5.2 Crystal installation
A 4 mm ZnTe crystal with its [110]-axis not paralleling to one edge is tested
here by balanced detection setup. In the crystal testing, the polarization of laser
on the table was parallel to the table plane (horizontal), and THz (terahertz)
polarization is perpendicular to the table (vertical). The THz peak signals are
recorded with rotating ZnTe angle by 5◦ (from 0◦ to 150◦) or 10◦ (from 150◦
to 360◦) step. A random starting angle is considered as 0◦ crystal angle. The
signals on two photo diodes are re-balanced between each measurement using
quarter wave plate after ZnTe. Laser power is re-balanced on photo diodes using
reflective ND filter wheel (continuous). The crystals were tested by detecting
the THz wave generated from a photo conductive antenna. The measured THz
wave peak value and calculated value are shown in figure 2.8 and the signals are
normalized. The measured blue plot almost overlapped with the calculated red
plot. The small difference may be induced by the resident birefringence in the
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Figure 2.8: Crystal angle dependence of THz signal detection: Blue line
shows the normalized measured THz signal depends on crystal angle by EO
sampling in a balance detection setup. Red line shows the calculation result.
The ZnTe crystal in the measurement has a thickness of 4 mm.
crystal. Based on this result, the axis perpendicular to the maximum peak value
axis is the [110]-axis, and its [110]-axis is 21.34◦ to one edge.
For the simplest alignment, usually a crystal with horizontal [110]-axis is selected
to be installed in the accelerator. The laser polarization is set to horizontal as
well. With an electron beam passing the crystal at the center of the pipe (and
with the crystal at the vertical mid-line as well) a horizontal polarization Coulomb
field is present at the crystal. Based on the above settings, a maximum EOSD
signal will be measured.
For our crystal the [110]-axis is rotated by 21◦ to the crystal edge. Physically the
crystal is mounted with edges in horizontal or vertical in the accelerator and the
principal axes of the crystal are rotated with respect to the Coulomb field. With
the titled axis crystal, two methods are considered to optimize the EO signal.
One method relies on the signal dependence on beam position, while a second
approach relies on the laser polarization dependence.
2.5.2.1 Beam position dependence
The principle of the beam position dependence method is to set the polarization
of laser and Coulomb field both parallel to the [110]-axis of the crystal. As
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Figure 2.9: Scheme of beam position dependence method: crystal installed
with [110]-axis tilted angle c to y-axis, the polarization of the incident laser
has the same tilted angle a = c and set the electron beam lower to the centre
in y-z plane. Laser beam and electron beam propagate in x direction.
shown in the figure 2.9, the crystal is installed with [110]-axis rotated angle c
to y-axis. The polarization of incident laser beam has the same rotated angle
a = c, and the electron beam is set lower to the center in the extension line of the
[110]-axis. If 6 mm is supposed between the laser and the electron beam, with
21.34◦ tilted angle, the electron beam should be set lower 6 mm× tan 21◦ = 2.3
mm, and the distance between them becomes to 6
cos 21◦ mm = 6.43 mm. Under
these settings, the optimized EOSD signal can be obtained. However, since the
electron beam is further away from the laser, the Coulomb field, proportional to
1/r2 (r is the distance between electron beam and the laser probe), will drop to(
6
6.43
)2
= 87%. The intensity of the EOSD measured signal is proportional to
the magnitude square of the Coulomb field for the crossed polarization detection,
which is (87%)2 = 75%. In conclusion, for crossed polarization detection, due to
the extension on the distance r, the measured maximum EOSD signal will drop
down to cos4(c).
For CALIFES, the crystal is installed after three quadrupoles and there is no
beam position monitor at the position of crystal. Therefore, it is difficult to
accurately determine the distance which the electron beam is moved. If the
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electron beam is moved vertically 1.5 mm, correspondingly to a 20◦ rotation in
Coulomb field angle, from the maximum signal position, the EOSD signal will
drop to 32% of the maximum signal.
2.5.2.2 Laser polarization dependence
Figure 2.10: Scheme of laser polarization dependence method: crystal in-
stalled with [110]-axis tilted angle c to y-axis, the polarization of the incident
laser has a specific tilted angle a and keep the electron beam in the center of
beam pipe. Laser beam and electron beam propagate in x direction.
In the laser polarization dependence method, to avoid the above disadvantages,
the electron beam is set to the center of the pipe as in normal operating consitions.
Meanwhile the crystal is installed with the rotated [110]-axis as shown in the
figure 2.10. However, by setting the polarization of the laser to a specific angle,
a maximum EOSD signal can appear with this fixed Coulomb field angle of 0◦.
Figure 2.11 shows the calculation results of EO signal with crystal angle. In the
figure, EO signal means a laser intensity normalized signal from crossed polariza-
tion setup and it is proportional to Coulomb field intensity. At 0◦ crystal angle,
one edge of the square shape crystal is parallel to horizontal, and the [110]-axis
of the crystal has 21◦ offset to horizontal. If the input laser and the Coulomb
field from bunches all have horizontal polarization, then the output EO signal can
only reach 27% of the maximum signal as shown in figure 2.11(a) at 0◦ crystal
angle. The maximum signal appears at −21◦ crystal angle, when the polarization
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of laser, polarization of Coulomb field and [110]-axis are all in horizontal. How-
ever, at as the orientation of the crystal can not be changed, an optimized EO
signal can also be obtained by changing laser beam polarization. Figure 2.11(b)
shows change of the EO signal with crystal angle when input laser polarization is
rotated to 36◦ to horizontal (15◦ to [110]-axis). An optimized EO signal appears
when the crystal at 0◦. Then the magnitude of this signal can reach up to 66%
of the maximum signal magnitude in figure 2.11(a).
2.5.3 Conclusion
For the crossed polarization detection with a 21◦ rotated [110]-axis on ZnTe
crystal as the CALFIES experimental configuration, using the method of beam
position dependence, described in subsection 2.5.2.1, will induce 25% intensity
drop on the measured signal. However, it is not practical at this position on
CALFEIS beam line since lack local beam position measurement. However, the
method of the laser polarization optimisation, described in subsection 2.5.2.2, will
induce 34% drop in signal magnitude below maximum, ideal configuration. With
the rotated axis crystal installed in the accelerator, this method is suggested.
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(b) Laser polarization: 36 degree
Figure 2.11: Laser intensity normalized EO signal at crossed polarization
setup varies with crystal angles. A 2 MV/m horizontal polarized Coulomb
field is supposed. [110]-axis of the 4 mm ZnTe crystal has 21 degree offset to
horizontal. (a) Laser polarization angle is 0 degree to horizontal; (b) Laser
polarization angle is 36 degree to horizontal.
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Chapter 3
EOSD bunch profile monitor for
CALIFES
This Chapter describes details of the EOSD bunch profile monitor. The Chapter
is composed by three sections: the first section introduces the EOSD technique
and presents numerical calculations for an expected resolution; the second section
focuses on details of each part of the bunch profile monitor system, including
laser system, pulse stretcher, transfer lines, implementation on the beam line,
detection system and synchronization; the last section reports a preliminary beam
measurements on laser pulse and e-bunch synchronization.
3.1 Overall design of an EOSD system for CAL-
IFES
3.1.1 EOSD technique
The principle of operation of an EOSD longitudinal profile monitor is shown in
figure 1.5: the Coulomb field of an electron bunch is encoded into a linearly
chirped broadband laser pulse. Since the laser is chirped linearly, the frequency
components of the laser pulse are evenly distributed in time. When the Coulomb
field and laser pulse go through the crystal simultaneously, the polarization of the
laser pulse varies with the amplitude of the Coulomb field. Crossed polarizers are
set on both sides of the crystal in order to transfer the polarization variation into
a laser intensity variation. The bunch profile information is thus encoded in the
chirped laser pulse both in time domain and frequency domain. To extract the
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bunch profile information, a bespoke spectrometer, using a diffraction grating,
converts the probe laser beam temporal profile into its spectral profile, which is
then detected by a high sensitivity intensified CCD camera.
The core component of the EOSD system is the two-crossed-polarizer set-up. It
contains a polarizer, EO crystal, a quarter wave plate, a half wave plate and
another polarizer which is crossed with respect to the previous one. As described
in Chapter 2, the EO crystal induces a frequency mixing between the Coulomb
field and laser pulse due to its non-linear coefficient, resulting in an effective po-
larization rotation. A combination of a quarter-wave plate and a half-wave plate
can compensate the residual birefringence in the EO crystal thereby minimising
the background signal for the output probe. The output of the EOSD system is
expressed by equation 2.83.
In addition to the geometric factors already discussed in Chapter 2, the frequency
response of the EO crystal due to phase matching condition needs to be consid-
ered. The response function of the EO crystal due to the phase matching process
is shown in section 2.3. The phase mismatching can be expressed approximately
as the difference between the optical pulse group velocity and the THz pulse
phase velocity:
∆k (ω,Ω) = kopt(ωs)− kopt(ω)− kTHz(Ω)
=
[
kopt(ω) +
∂kopt(ωs)
∂ωs
Ω|ωs=ω +
1
2
∂2kopt(ωs)
∂ω2s
Ω2|ωs=ω + . . .
]
− kopt(ω)− kTHz(Ω)
≈
[
kopt(ω) +
∂kopt(ωs)
∂ωs
Ω|ωs=ω
]
− kopt(ω)− kTHz(Ω)
= Ω ·
(
∂kopt(ωs)
∂ωs
|ωs=ω −
kTHz(Ω)
Ω
)
= Ω ·
(
1
voptg (ω)
− 1
vTHzph (Ω)
)
,
(3.1)
where ωs = ω+Ω, ω and Ω stands for the optical pulse (‘opt’ index) frequency and
THz pulse (‘THz’ index) frequency respectively, the optical pulse group velocity
voptg =
∂ω
∂k
, and THz pulse phase velocity vTHzph =
c
nTHz
. The sum-frequency
wavevector kopt(ωs) is rewritten by its Taylor expansion at ωs = ω, and the
higher order expansions are omitted. The refractive index used in this thesis was
obtained from [70], and is expressed as:
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Figure 3.1: Efficiency of crystal response functions for ZnTe and GaP: (a)
ZnTe with thickness of 1 mm, 2 mm and 4 mm; (b) GaP with thickness of 0.2
mm, 0.5 mm and 1 mm.
nopt(f) = <
{√
a1 +
a2λ2
λ2 − a3
}
= <
{√
a1 +
a2
1− a3(f/c · 106)2
}
, (3.2)
where a1 = 4.27, a2 = 3.01, and a3 = 0.142 (µm)
2 for ZnTe, and a1 = 2.680,
a2 = 6.40, and a3 = 0.0903279 (µm)
2 for GaP. The input wavelength λ is in
the unit of µm and frequency f is in the unit of Hz. The refractive indexes of
ZnTe and GaP are shown in figure 3.2(a) and 3.2(b) respectively. The complex
dielectric function (f) and the refractive index nTHz for THz beam are [70]:
(f) = eel +
s0f
2
0
f 20 − f 2 − iγ0f0
, (3.3)
nTHz(f) + ik(f) =
√
(f), (3.4)
where eel = 7.4, f0 = 5.3 THz, s0 = 2.7, γ0 = 0.09 THz for ZnTe, and eel = 8.7,
f0 = 10.98 THz, s0 = 1.8, γ0 = 0.02 THz for GaP. The input THz frequency f is
in the unit of THz. The refractive indexes of ZnTe and GaP are shown in figure
3.2(c) and 3.2(d) respectively. As shown in the figures, the lowest resonance
frequency is 5.3 THz for ZnTe and 11 THz for GaP. Using the above refractive
index data, the phase matching efficiency of the field η =
∣∣∣ ei∆k(ω,Ω)L−1∆k(ω,Ω)L ∣∣∣ has been
calculated and is shown in figure 3.1 with varying crystal thickness (1 mm, 2 mm,
4 mm for ZnTe, and 0.2 mm, 0.5 mm, 1 mm for GaP).
For a 1 mm thick ZnTe crystal, there is a cut off in frequency correspondence
at 3 THz. The cut off frequency also reduces with thicker crystals because of
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the phase mismatch between the Coulomb field and the laser field. Better time
resolution would be obtained by using a 2 mm (or below) GaP crystal, because
of its broader bandwidth, as shown in figure 3.1(b). The frequency response of a
200 um GaP extends up to 4 THz, however at the price of lower χ(2) value and
thinner thickness.
The susceptibility χ(2) can be approximated as being only dependent on the
THz frequency as discussed in section 2.3. It can be calculated using χ(2)(f) =
r41(f)
2(f) [63]. The frequency dependent linear electro-optic coefficient r41(f)
can be written in the form of [70]:
r41(f) = dE
(
1 +
Cf 20
f 20 − f 2 − iγ0f
)
, (3.5)
where dE = 4.25 × 10−12 m/V, C = −0.07, f0 = 5.3 THz, γ0 = 0.09 THz for
ZnTe crystal; and dE = 1 × 10−12 m/V, C = −0.53, f0 = 10.98 THz, γ0 = 0.02
THz for GaP crystal. The plots of the EO coefficient for ZnTe and GaP crystal
are shown in figure 3.2(e) and 3.2(f) respectively. The resonances in figure 3.2(c)
and 3.2(d) are due to the excitation of a transverse optical lattice oscillations.
These resonance frequencies are at 5.3 THz for ZnTe and 11 THz for GaP.
3.1.2 Laser source selection
Compared to the EOTD scheme, EOSD requires lower laser pulse energy. It
can be realised with a commercial fibre laser and can readily provide a sub-
picosecond resolution which is suitable for the electron beam in CALIFES. The
laser is nonetheless a crucial component of the EOSD system. Its stability and
pulse duration directly affect the quality of the final measured signal. Laser pulse
energy directly impacts on the final signal-to-noise ratio of the measurement. The
intensity of the measured signal also depends on the Coulomb field strength which
is related to bunch charge, the characteristics of the EO crystal and the sensitivity
of the camera. Some examples of EOSD experiments are now given to convey
typical parameters. A laser pulse energy of 1.5 nJ at 1030 nm, with 7 ps chirped
laser pulse duration from initial 43 fs, has been demonstrated for measuring a
1.4 ps e-bunch profile of 50 pC charge at 6 mm offset position using a 500 µm
thick GaP crystal [56]; Similarly, a laser pulse with 4 nJ energy at 800 nm centre
wavelength, chirped to several picoseconds duration from an initial 20 fs, was
used to measure a 4 ps length bunches with 0.5 nC bunch charge at 4-5 mm
offset position using a 65 um thick GaP crystal [27]. Both of the measurements
were performed at Deutsches Elektronen-Synchrotron, Hamburg.
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Figure 3.2: Parameters of ZnTe/GaP crystal: (a) Refractive index at laser
wavelengths in ZnTe; (b) Refractive index at laser wavelengths in GaP; (c)
Refractive index at THz range in ZnTe; (d) Refractive index at THz range
in GaP; (e) Real part of EO coefficient r41 for ZnTe; (f) Real part of EO
coefficient r41 for GaP.
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Table 3.1: Laser performance comparison
Laser Wave
-
length
(nm)
Input
Pulse
Energy
(nJ)
Crystal Crystal
Thickness
(mm)
EO Co-
efficient
(pm/V)
Output
Pulse
Energy
(pJ)
Ytterbium
laser
1060 10 GaP 2.3 0.97 2.39
Erbium
laser 1
780 1.8 ZnTe 1.0 3.9 6.26
Erbium
laser 2
780 1.2 ZnTe 1.0 3.9 4.17
Erbium
laser 3
780 2.7 ZnTe 1.0 3.9 9.39
The wavelength of the laser should be chosen to minimize pulse distortion due to
phase-matching in the EO crystal. A 1030 nm wavelength is usually preferred for
GaP, and 800 nm for ZnTe, due to the availability of lasers at these wavelengths.
As mentioned previously, the thickness of the crystal also plays an important
role for getting optimum phase matching. Typically in order to measure several
picosecond long bunches, crystal thickness should be thinner than 200 um for GaP
and 4 mm for ZnTe at 800 nm center wavelength. However the laser amplitude
to be detected after the crossed polarizer is directly proportional to the thickness
and the electro-optical coefficient of the crystal. The coefficients [72] are 0.97
pm/V and 3.9 pm/V respectively for GaP and ZnTe. The measured signal to
noise ratio can be enhanced if using lasers with high pulse energy combined with
high sensitivity and low noise camera. In Table 3.1, estimations of the EOSD
expected output signal energy are presented considering different crystals and
commercially available laser systems in the year 2011. In order to estimate the
output signal energy from the bunch profile monitor, we calculated it based on
a 1.4 ps FWHM bunch length with 0.2 nC bunch charge and 185 MeV beam
energy. The detection crystal is set at 5 mm away from the electron beam. At
the crystal position, a 1.6 MV/m Coulomb field strength is then expected. The
last column of Table 3.1 gives the estimations of the expected pulse energy to be
detected in a ‘crossed polarizer’ configuration, which can be considered as one
figure of merit for the system’s performance. All the laser pulses are assumed to
be chirped to 3 ps.
The ytterbium laser in the table is a standard ytterbium fibre laser from Men-
loSystems (Orange A). This laser can provide a 10 nJ pulse energy and 150 fs
pulse duration. In order to satisfy the phase matching condition better, a 2.3 mm
GaP crystal is assumed here. For this laser and crystal, a 3 THz bandwidth can
Page 54
Section 3.1
be obtained. Although a higher laser pulse energy is available from the ytterbium
laser, it would imply using a GaP crystal which has a lower EO coefficient. As a
consequence, only 2.39 pJ pulse energy is expected for the output signal.
Erbium laser 1 is an erbium fibre laser from Toptica Photonics (FemtoFiber
pro NIR). This laser can only provide 1.8 nJ pulse energy, and the laser pulse
duration is 120 fs. For 780 nm wavelength, the performance of several millimetres
thick ZnTe is still acceptable. For this laser and a 1 mm ZnTe crystal, a 3
THz bandwidth can be obtained. Although a lower energy laser pulse than the
ytterbium laser is provided, the EO coefficient of ZnTe crystal is higher. As a
consequence, 6.26 pJ pulse energy is expected for the output signal.
Erbium laser 2 is a customized laser design based on a laser from MenloSystems
(C-Fibre A 780), which adds a 20 m fibre link between oscillator and amplifier.
In this scheme, the laser oscillator can be installed in the laser lab to avoid
any risk of the radiation damage and the laser amplifier can be set close to the
beam line and shielded. With the fibre link, the free space laser transport beam
line from laser lab to accelerator area is not necessary. However, it needs extra
effort to compensate for the dispersion of the fibre link. With the lower coupling
efficiency of the polarisation maintaining fibre, one third of laser energy might be
lost. Based on calculation using 1 mm ZnTe, a 4.17 pJ output pulse energy can
be expected.
Erbium laser 3 is also a customized laser, but from Toptica Photonics (FemtoFiber
pro NIR), and has a pulse picker between the oscillator and amplifier. The pulse
picker chooses one in two pulses from the oscillator to pass to the amplifier. In
this way the laser’s repetition rate can be reduced from 75 MHz down to 37.5
MHz to enhance the pulse energy. The expected output pulse energy from the
amplifier could reach 2.7 nJ. As a consequence, a 9.39 pJ pulse energy is expected
for the output signal.
Considering the stronger output signal, ZnTe with a 780 nm laser centre wave-
length is considered as an appropriate choice for better signal to noise ratio at
the price of limited time resolution. The resolution still can cover the CALIFES
requirement for bunch profile measurement, which is discussed in the next sub-
section. The Erbium laser 3, providing the strongest output signal, has been
finally selected for CALIFES.
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3.1.3 Expected Resolution
The resolution of the EOSD system is determined by the following [73]:
• The distance between crystal and e-bunch: for 2 mm distance between crys-
tal and e-bunch (180 MeV), the resolution limit imposed by the Coulomb
field spread will be approximately 10 fs, based on the calculation.
• The frequency response of the EO crystal (material and thickness): the cut
off frequency of ZnTe crystal is around 3 THz at a thickness of 1 mm, so
the resolution limit induced by phase matching will be approximately 200
fs. For a 4 mm ZnTe, the cut off frequency is 0.8 THz, which implies a 700
fs resolution based on calculation.
• The resolution of the spectrometer: The resolution of the detection is lim-
ited by optical diffraction and grating parameters, as well as the sensor. An
expected best resolution can be achieved is estimated by the spectrometer
dispersion as follows. If a wavelength range of 60 nm covers a detector
array of 1000 pixels, this will give a dispersion of 0.06 nm/pixel. A 20 nm
bandwidth laser pulse chirped to 3 ps is expected, which gives a dispersion
of 9 fs/pixel and full window of 9 ps.
• Limitation from the compressed laser pulse duration and the chirped dura-
tion: when the length of the electron bunch is too short, a distortion appears
in the spectrum of the output signal. Our laser pulse is 100 fs and will be
chirped to 3 ps, giving a limiting duration of the bunch of approximately 1
ps for EOSD. These details were discussed in section 2.4.4.
Therefore the resolution of our EO monitor is expected to be sub-picosecond for
bunches longer than 1 ps. In the regular running of CALIFES, a bunch length of
more than 6 ps FWHM is typical. In order to adapt to the longer bunch length,
a 4 mm ZnTe is used and the laser is chirped to 13.8 ps. Due to this change, with
the similar calculation method, the distortion of profile will appear if the bunch
length is shorter than 3.5 ps FWHM. The estimated resolution is 700 fs.
3.2 Implementation of the EO monitor in CTF3
The implementation of the system in CALIFES is presented in figure 3.3. Con-
sidering the potential for radiation damage in the vicinity of the beam pipe, it
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was decided to install the laser away from the accelerator behind shielding. The
laser is housed in an optical laboratory located in a technical gallery, 20 metres
away from the machine and so requires an optical transfer line. The detection
system, including a spectrometer and a camera, is also installed in the laser lab-
oratory. The laser laboratory houses the laser itself, an optical delay line for the
fine adjustment of the laser and electron beam synchronization, and the laser
pulse stretcher as shown in figure 3.3(b).
The laser beam is sent down to the accelerator hall using an in-air optical trans-
port line which is described later in section 3.2.3.
As shown in figure 3.3(a), the system installed on the beam line is composed
of two vacuum chambers. The first chamber, equipped with a mirror is used to
inject the laser into the beam pipe. The second chamber houses a ZnTe crystal
and an extraction mirror. The two vacuum chambers are both equipped with
a motorized translation stage to precisely position the crystal and the mirrors
inside the beam pipe. The blue mirror mounts in figure 3.3 are remote controlled
via picomotors which are used to adjust the laser path. For monitoring and
alignment, six pinhole cameras are installed at several locations in the optical
system in order to check the size and position of the laser.
There is a half-wave plate before the first chamber, and another half-wave plate
and a quarter-wave plate after the second chamber. The first half-wave plate is
used to change the incident laser polarization and the second half-wave plate and
the quarter-wave plate are used to compensate the residual birefringence induced
by the EO crystal. The last two wave plates and a polarizer are mounted in
motorized rotation stages. All the motors, 16 in total, can be remotely controlled.
After emerging from the vacuum chamber, the laser is steered through the wave
plates and polarizer, and is then coupled into an optical fibre, which brings it back
to the laser room. The laser pulse is then measured by a home made spectrometer
and a gated intensified CCD camera.
In addition, an OTR screen (200 µm aluminium coated silicon wafer) was installed
in the second vacuum chamber. It provided a tool to measure the timing difference
between the electron bunch and the laser pulse using a streak camera.
Additionally, two beam loss monitors have also be installed close to the two
vacuum chambers to measure if the beam or beam halo are impinging on the
mirrors and the crystal.
All these sub-systems are described in more details in the following sections.
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(a) In CLEX
(b) In Lab.
Figure 3.3: EO monitor scheme: The laser pulse, coming from the laser
head in the lab, passes through an optical delay stage and a pair of gratings,
and then is sent to CLEX. The laser goes through lens L1 and is injected into
accelerator beam pipe in Chamber 1, and then modulated by the e-beam at the
ZnTe crystal in Chamber 2. The laser then comes out of beam pipe and passes
through a quarter-wave plate (QWP), a half-wave plate (HWP) and a polarizer
(P), and is coupled into a fibre for transport back to the lab. A spectrometer,
comprising lens L2, L3, a grating and L4, provides the laser spectrum on a
camera.
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Table 3.2: Laser parameters
Center
Wave-
length
Ave.
Output
Power
Pulse
Width
Linear Po-
larization
Beam
Shape(TEM00)
Beam Di-
vergence
1560 nm >350
mW
<120 fs >95%
(horizon-
tal)
M2 < 1.2,
φ = 3.5 mm
(FWHM)
<2 mrad
780 nm >120
mW
<120 fs >95%
(horizon-
tal)
M2 < 1.2,
φ = 0.7 mm
(FWHM)
<1 mrad
3.2.1 Laser system
The laser is a customized Erbium fibre laser from Toptica Photonics AG. It
is composed of an oscillator, a pulse picker and an amplifier working at 1560
nm wavelength. The oscillator is configured to run at 74.963 MHz repetition
rate (close to the standard 80 MHz version originally designed by the company),
which is compatible with the 40th sub-harmonic of the 3 GHz CALIFES master
clock. In order to extract more energy from the amplifier, a pulse picker has been
added after the oscillator to pick up every second pulse, bringing the repetition
rate down to 37.5 MHz. The laser pulses are then compressed using a pair of
prisms just before the Second Harmonic Generation (SHG) unit, which finally
generates 780 nm laser pulses. A mirror can be inserted in front of the SHG unit
to select the output wavelength (1550 nm or 780 nm) is to be used. The main
characteristics of the laser beam are displayed in table 3.2.
With the pulse picker, the output pulse energy at 780 nm is 3.6 nJ. The pulse
picker is a commercial EO amplitude modulator manufactured by Jenoptik. It
can achieve 800:1 extinction ratio at 790 nm and its half wave voltage is 4 V.
A RF amplifier, providing 28 dB gain with 0-11.7 GHz bandwidth (Model 5868,
manufactured by Picosecond), is used to provide the required voltage to drive
the modulator. In normal conditions the amplifier provides a signal of -5 to 3 V
at 37.5 MHz to the laser pulse picker.
In order to synchronize the laser pulse to the electron beam of CALIFES, a low
jitter laser synchronization system, which comes from Toptica, is essential. A
photo-diode inside the laser head measures the 75 MHz repetition rate from the
laser oscillator, and this signal is input to the synchronization box. The signal
is then amplified and compared with a 74.963 MHz signal derived from the 40th
sub-harmonic of 3 GHz CALIFES RF system. The phase difference between
these two signals is connected to the input of a Proportional Integral Differential
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(PID) regulator, which provides a feedback loop minimizing this phase difference.
The PID regulator generates two output signals which control a piezo motor and
a motorised translation stage in the laser head. The translation stage becomes
only active if the required adjustment is not in the range of piezo motor. The
motor only correct the requiring offset if it is not capable of getting any phase
lock.
3.2.2 Delay line and stretcher in the lab
In the laser room, an optical delay line and a laser pulse stretcher have been
implemented directly after the laser head. The optical delay line is based on 2
mirrors mounted on a translation stage (Thorlabs: NRT150/M). It has a 2 µm
minimum repeatable incremental movement and 150 mm travelling range, which
can provide 13 fs step increment and 1 ns scanning range.
The laser pulse must also be chirped to pulse duration longer than the bunch
length. The chirp can be achieved either by a certain length of SF11 glass for 1.4
ps bunch or by a pair of gratings for 6 ps bunch, as shown in figure 3.4.
The set-up using SF11 glass, as shown in figure 3.4(a), is installed at the exit of
the optical delay stage. SF11 glass can achieve almost linear chirp around 780
nm wavelength with high refractive index (n=1.76583 at 780nm) and good trans-
parent (anti-reflect coating on both ends). Its refractive index can be calculated
by equation 3.6[74] with wavelength micrometers:
n =
√
1 +
a1λ2
λ2 − b1 +
a2λ2
λ2 − b2 +
a3λ2
λ2 − b3 , (3.6)
where a1 = 1.73759695, a2 = 0.313747346, a3 = 1.89878101, b1 = 0.013188707 µm
2,
b2 = 0.0623068142 µm
2, and b3 = 155.23629 µm
2.
The laser passes through two 150 mm long rods of SF11 glass. To chirp the laser
pulse to around 2 ps, it must pass once in the the first rod and twice in the second
section so that the total path length for chirping is 450 mm. A Gaussian profile
laser pulse can be chirped from 124 fs to 2 ps. Figure 3.5 shows the modeled
laser pulse chirp, based on the measured laser pulse spectrum. The blue curve,
green curve, red curve and black curve show the initial pulse temporal profile,
the pulse temporal profiles after passing through a 150 mm SF11 rod once, twice
and three times respectively. The magenta curves are the Gaussian fittings for
each profile. This calculation shows the laser pulse can be chirped from 124 fs to
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(a) SF11 glass stretcher
(b) A pair of gratings stretcher
Figure 3.4: Two types of the laser pulse stretcher. (a)SF11 glass stretcher:
Each glass rod has 150 mm length. Laser pulse passes through the first rod
once and the second rod twice. (b) A pair of gratings stretcher: Laser pulse
goes through the two gratings. Then it is lifted up by a periscope and reflected
back. The back laser pulse goes through the two gratings once more.
0.6 ps, 1.2 ps and 1.9 ps after passing the SF11 rod once, twice and three times
respectively.
Compared with the method of SF11 glass chirping, the gratings are able to chirp
the laser pulse up to 16 ps but they introduce more losses. The layout of the
grating pair stretcher is shown in figure 3.4(b). The laser pulse traverses the pair
of gratings, is then lifted up in vertical space by a periscope, and comes back
through the grating pair again. Then it passes over the mirror before the first
grating and goes to CALIFES.
A diagram of the two grating stretcher is shown in the figure 3.6. The laser is
incident on grating 1 and is diffracted to grating 2. As the two gratings are parallel
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Figure 3.5: Modeled laser pulse chirp based on measured laser spectrum:
blue curve is the initial pulse temporal profile. Green curve, red curve and
black curve show the pulse temporal profiles after passing through a 150 mm
SF11 rod once, twice and three times respectively. The magenta curves are
the Gaussian fittings for each profile.
Figure 3.6: Scheme for the two gratings stretcher: Laser pulse has incident
angle γ, diffracted angle θ on the first grating, and Lg is the perpendicular
distance between the two gratings. A, B and C are the beam positions on the
grating 1, grating 2 and the mirror respectively.
to each other, the diffracted laser pulse after the second grating is parallel to the
incident light of the first grating. A mirror is set after grating 2 and perpendicular
to the laser path. So the laser will go back through its coming path. In the set up,
the two gratings are laser compression gratings from Spectrogon AB with 1200
grooves/mm, 50 mm by 50 mm size. The gratings have 77% efficiency at 780
nm wavelength for the polarization of the incident laser which is perpendicular
to the grating grooves, and at 55◦ incident angle. The efficiency is defined as the
amount of the incident power that is diffracted into the first order. A periscope
was then set at the mirror position to raise the laser pulse by 3 mm, and then
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the incident laser and the output chirped laser can be separated. In the scheme,
the angle γ and θ are the incident angle and diffracted angle of the first grating,
and Lg is the perpendicular distance between the two gratings. The path P from
A, by B, to C can be expressed by:
P =
Lg
cos θ
[1 + cos (θ − γ)] , (3.7)
sin θ + sin γ =
2pic
ωd
, (3.8)
where the ω is the laser angular frequency, c is light velocity and d is the slits
spacing. Combining the above equation 3.7 and the grating equation 3.8 for
the first diffraction order, the phase advance Φ after single passing through the
stretcher for each frequency components can be calculated and shown in Equation
3.9:
Φ =
ωLg
c
cos γ + 1√
1− (2pic
ωd
− sin γ)2 + sin γ
2pic
ωd
− sin γ√
1− (2pic
ωd
− sin γ)2
 . (3.9)
The equation 3.9 shows the phase of the stretcher is only related to the incident
angle γ and light angular frequency ω as the slits spacing d is a constant. In order
to simplify the equation, the diffraction angular θ is induced into this equation,
and it can be rewritten as:
Φ =
ωLg
c
(
cos γ +
1
cos θ
+ sin γ tan θ
)
. (3.10)
As the phase can be expressed in a Taylor expansion at a central frequency in
Equation 3.11, its group delay dΦ
dω
, and group velocity dispersion d
2Φ
dω2
which induces
a linear frequency chirp, can be calculated and shown as:
Φ(ω) = Φ(ω0) +
dΦ
dω
|ω=ω0(ω − ω0) +
1
2
d2Φ
dω2
|ω=ω0(ω − ω0)2 + · · · , (3.11)
dΦ
dω
=
Lg
c
(
cos γ +
1
cos θ
+ sin γ tan θ
)
+
ωLg
c
· sin θ + sin γ
cos3 θ
· −2pic
ω2d
, (3.12)
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d2Φ
dω2
=
4pi2cLg
d2ω3
1
cos3 θ
[
1 +
6pic
ωd
· sin θ
cos2 θ
]
. (3.13)
Based on the above equations, a calculation result of the two-grating stretcher
is shown in figure 3.7(a). In the calculation, a 138 fs laser pulse is incident on
the first grating with 55◦ incident angle, and the distance Lg between the two
gratings is 20 cm. The calculation shows the stretcher can chirp the laser pulse
to 13.2 ps. Figures 3.7(c) and 3.7(d) show the auto-correlator measurements of
initial and chirped laser duration respectively. The Gaussian fitting for the auto-
correlator results implies the original laser duration is 138±5 fs and chirped pulse
is 13.1±0.1 ps. The results are FWHM and have already timed a Gaussian factor
of 0.707. This factor transfers the intensity autocorrelation width of a pulse to
the intensity width for a Gaussian profile. The spectra of these two pulses are
shown in 3.7(b), and they are as expected.
3.2.3 Optical transfer line and OTR transfer line
An optical line, a schematic of which is shown in figure 3.8, has been designed
to transport the laser probe from the laser room to the vacuum chamber which
houses the EO crystal in the beam pipe. The optical line is composed of four
lenses (f1 = f4 = 515.3 mm, f2 = f3 = 5153 mm, φ = 50.8 mm) with 780 nm AR
coatings and seven high reflection (over 99.5%) mirrors. The detailed parameters
of this laser transfer line can be seen in the table 3.3.
The laser transfer line was evaluated using the ABCD method of Gaussian pulse
propagation with the parameters and settings in table 3.3. The laser pulse has
a 1.2 mm diameter at 780 nm and a divergence less than 1 mrad. It is first
collimated by lens L1 in the laser lab, and is transferred into CLEX. Lens L2 and
L3 are located in the accelerator hall, and propagate the laser to the EO monitor
stage before the first vacuum chamber. The last lens, L4, is used to focus the
laser on to the EO crystal. The calculation shows the beam size at the crystal
position is 1.4 mm. However, in the installation, the lens L4 at 567.7 mm before
the crystal is not practical. The lens L4 to the crystal is approximately 30 cm
longer than the design, which leads to the beam size on the crystal is around 2
mm and diverging.
For measuring the relative arrived time between the laser and e-bunch, an OTR
transfer line is designed and built to bring this light back to the camera lab. As
depicted in figure 3.9, the optical line is composed of only two lenses (f1 = 1000
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Figure 3.7: Laser pulse duration and spectrum: (a) Grating stretcher calcu-
lation: original 138 fs laser pulse is chirped to 13.2 ps by the grating stretcher;
(b) Spectrum measurement of the original and the chirped pulse; (c) Auto-
correlator measurement for the original pulse (without applying the Gaussian
factor 0.707); (d) Autocorrelator measurement for the chirped pulse (without
applying the Gaussian factor 0.707).
mm, f2 = 75 mm, φ = 50.8 mm) with broadband coatings from 650 nm to 1050
nm and seven high quality mirrors. The detailed parameters of this transfer line
can be seen in the table 3.4.
The electron beam size is focused to 0.11 mm by 0.05 mm at the EO crystal
Figure 3.8: Laser transfer line
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Table 3.3: Parameters for the laser transfer line
Component Laser
head
L1 L2 L3 L4 crystal
Aperture
(dia.)
1.2
mm
50.8
mm
50.8
mm
50.8
mm
50.8
mm
10
mm
Focal
length
None 515.3
mm
5153
mm
5153
mm
515.3
mm
None
Distance
to last
component
0 572
mm
4225
mm
10306
mm
7000
mm
567.7mm
Position laser
lab
laser
lab
CLEX
wall
CLEX
ceil-
ing
CLEX
EO
stage
1
CLEX
CAL-
IFES
Figure 3.9: OTR and laser optical line
position and the OTR photons are generated with a divergence angle of 0.16
degree by a 185 MeV beam energy. The OTR photons are collected by the lens
L1 with 1000 mm focal length after 1.2 m and imaged to a plane which is 13.8
m after lens L1. The second lens L2, which is located in the streak camera
lab, finally focuses the OTR photons on the streak camera. The purpose of this
transfer line is to provide arriving time information for laser and OTR photons
rather than an image of them. Considering the good sensitivity of the streak
camera, the transfer line can be built only by two lens at a price of low image
quality.
3.2.4 Description of the optical system in CALIFES
The main components of the EOSD bunch profile monitor were installed in the
accelerator hall, close to the beam line, as shown in figure 3.10. The laser was
located in laser lab which is not exposed to radiation.
As shown in figure 3.10(a), the laser beam, coming from the ceiling, is then in-
jected into the beam line in the first vacuum chamber which is equipped with a
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Table 3.4: Parameters for the OTR transfer line
Component OTR
screen
L1 L2 streak
camera
Aperture
(dia.)
0.1 mm
(beam
size)
50.8
mm
50.8
mm
None
Focal
length
None 1000
mm
75
mm
None
Distance
to last
component
0 1217
mm
17029
mm
66 mm
Position CLEX
CALIFES
CLEX
ceil-
ing
Streak
cam-
era
lab
Streak
camera lab
(a) Stage 1 (b) Stage 2
Figure 3.10: Two stages of the bunch profile monitor: (a) Stage 1: Laser
comes from ceiling and is reflected by two mirrors. A half-wave plate and a
polarizer after the mirrors in order to induce proper polarized laser into the
vacuum chamber; (b) Stage 2: Laser comes out of a vacuum chamber, and
passes through a half-wave plate, a quarter-wave plate and a polarizer. Then
it is reflected by two mirrors, and is finally coupled into a fibre.
silver mirror mounted on a retractable arm. A half-wave plate and a polarizer,
located right before the vacuum chamber view port, are used to adjust the polar-
ization of the incident laser beam to be horizontal. As shown in figure 3.10(b),
the laser probe is then steered to a second vacuum chamber downstream, which
holds an EO crystal and an extraction mirror. Both of the crystal and the mirror
are mounted on the same retractable arm. The crystal and the extraction mirror
sit in the second vacuum chamber at 1.6 m downstream of the insertion mirror.
As the laser coming out of the second chamber, it passes through a quarter-wave
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plate, a half-wave plate and a polarizer. After the polarizer, the polarization
encoded bunch profile is transformed into a laser intensity profile. This profile is
then optically coupled via a multi-mode fibre (0.22 NA, 50 µm core) back to the
laser laboratory. The detection system is composed of a home made spectrometer
and a gated, intensified CCD camera (PCO dicam pro).
In total, ten actuators on five mirrors and six finger cameras have been installed
around the insertion and extraction vacuum chambers in order to remotely steer
and monitor the laser from a control room.
3.2.5 Two vacuum chambers
The two chambers are both made of aluminium, designed and manufactured by
CERN, and are shown in figure 3.11(a) and 3.11(b). All the view ports are anti-
reflection coated fused silica view ports from MDC Vacuum Products Sarl. A
detailed view of the crystal housing in the second chamber is shown in figure
3.11(c). The chamber is designed to provide a mechanical mount for 1-4 mm
thick ZnTe crystal along with an extraction mirror.
The second vacuum chamber is also equipped with an OTR screen made by a 200
µm thick aluminium coated silicon wafer. It is used to monitor the time overlap
between the electron beam and the laser probe on the streak camera. As the
electrons pass through the screen, they emit OTR photons which are then sent
via a second optical line to the laser laboratory, where the streak camera sits.
At the same time, the laser photons are reflected by the OTR screen following
the same path as the OTR photons so that the laser and OTR photons can
both be measured simultaneously by the streak camera. The delay between the
electrons and the laser could be controlled either by a phase shifter installed on
the RF signal for locking the laser oscillator, or by the optical delay stage with
fine scanning over a range of 1 ns.
3.2.6 Spectrometer design
A home-made spectrometer is used to decode the bunch profile information from
its spectrum. Due to a linear chirp on the laser pulse, the bunch profile tempo-
ral information is linearly correspond to its spectra profile. The scheme of the
home-made spectrometer is shown in the figure 3.12. The laser comes out of a
fibre collimator (Thorlabs F220FC780, f=11.7 mm, diameter 11 mm). As spatial
resolution is ∆l = 1.22λf
D
, where the D is the aperture of the optical elements and
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(a) Photo of chamber 1
(b) Photo of chamber 2
(c) Scheme of the chamber 2
Figure 3.11: Photos and design scheme of the two chambers: (a) Chamber 1
is used for injecting the laser pulses into accelerator beam pipe. An injection
mirror is mounted inside this chamber on a retractable arm; (b) Photo of
chamber 2; (c) Chamber 2 includes an EO crystal and a mirror. They are
mounted on a retractable arm. The mirror steers the laser out of the beam
pipe. The laser pulse is horizontal polarised. Crystal 110-axis is horizontal.
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Figure 3.12: Spectrometer scheme: Laser pulse comes out of a fibre collima-
tor, and its beam size is expanded by lens L1, L2. After mirror M1, M2, the
laser is diffracted by the grating and focused on the image intensifier of a CCD
camera by lens L3.
f is focal length, a better spatial resolution can be obtained by expending the
beam transverse size to fill the apertures of optical elements. Therefore the laser
beam size is expended to more than double by two 1-inch lens with 60 mm (L1)
and 150 mm (L2) focal length respectively. The spatial resolution limited by the
diffraction is 6.9 µm.
There is a slit at the focal point between the two lens. The original purpose of the
slit is to improve the resolution of the spectrometer. However, considering the
50 µm multi-mode fibre core size, any disturbance to the fibre itself will induce
position displacement of frequency components of the laser pulse at the focal
point. Therefore, the slit may lead to missing frequencies in the measurement.
This error can be reduced by averaging measurement results. In this thesis, the
measured bunch profile are 50 shots averaged if no specific indication. The multi-
mode fibre also induces noise in the measurement due to the interference of the
different frequency components of the laser pulse. This noise can be reduced by
smoothing algorithms as described in [70]. This error can also be reduced by
implementing a single-mode fibre which has an approximately 8 µm core size,
but at the price of lower coupling efficiency and laser position tolerance.
After two mirrors, the collimated beam is reflected and dispersed by a grating
with 1200 graves per mm and 52 mm by 52 mm size (Holographic grating from
Richardson Gratings, efficiency >70% at 800 nm). Finally the different reflec-
tive angles, which show the different frequencies, are focused at their correspond
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Table 3.5: Spectrum calibration
Lamp line (nm) 758.74 760.15 768.52 769.45 785.48 805.95
Pixel number 235 266 448 468 824 1280
positions on the image intensifier of a ICCD camera by a 2-inch lens with 200
mm focal length. There are tandem optics inside the ICCD camera between the
image intensifier and the CCD, which provides an image magnification factor of
1/2.17. The CCD has 1280 by 1024 pixels with a 6.72 µm pixel size which is
similar to the system spatial resolution.
Based on the grating equation 3.14:
β = arcsin (mλ/d− sinα) , (3.14)
where m is the diffraction order, λ is wavelength, d is groove spacing of the grat-
ing, and α and β are incident and exit angle respectively. The linear dispersion
can be calculated by a product of the angular dispersion dβ
dλ
and the effective focal
length f of the L3 lens. Equation 3.15 shows the reciprocal linear dispersion P :
P = 1/
(
dβ
dλ
· f
)
=
d cos β
mf
. (3.15)
The diffraction angle β is designed for 45◦ in our spectrometer, which corre-
sponded to a 13◦ incident angle, and the focal length of L3 is 200 mm. Therefore,
based on this equation, for wavelength at 780 nm, the dispersion of the spec-
trometer on the ICCD intensifier we can expect is 2.93 nm/mm. Considering
the internal image magnification factor 1/2.17 and the pixel size is 6.72 µm, the
dispersion on the CCD is 6.36 nm/mm, which is 0.043 nm/pixel.
In order to calibrate our home-made spectrometer, a calibration lamp (ORIEL
6031 from NEWPORT) is used as a stable light source. Since the spectrum of
the light source is known, a measured spectrum for this light source can be used
to calibrate the spectrometer, as shown in figure 3.13.
Measured by the home-made spectrometer, the mapping between the lamp peak
positions and their correspond pixel positions is shown in table 3.5. Since there
is distortion on the border of the CCD image, the central data of the image is
more reliable. Only the central part (40 lines) of the calibration data is used.
As a result of linear fitting, the wavelength can be expressed in nanometres as:
Wavelength = 0.045×Pixel+748.215. The fitting result indicates the spectrome-
ter has a dispersion of 0.045 nm/pixel with 0.3% standard error, which is slightly
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Figure 3.13: Spectrum profile of the calibration lamp
broader than the expected dispersion 0.043 nm/pixel, since the measured result
includes all the effects leading to reducing the final resolution. In order to get the
resolution of the spectrum, the peak at 785.48 nm in figure 3.13 is selected. Most
of the spectrum lines emitted from the Kr lamp have a width of less than 0.001
nm. A Gaussian fitting on the 785.48 nm peak shows it has a FWHM width of
10 pixels, which implies 0.45 nm resolution.
3.2.7 Gated ICCD camera
The camera for recording the EOSD measurement data is a gated intensified CCD
camera (DICAM Pro), manufactured by PCO. Imaging.
The principle of the ICCD camera is that an object is firstly imaged on a photo-
cathode which emits electrons when illuminated. Then these generated electrons
pass through a Micro Channel Plate (MCP) and each electron excites multi-
electrons under a circumstance of high voltage on the MCP. As a consequent,
the electric signal is amplified. At the end, these electrons hit a phosphor screen
which emits more photons. As a result, the incident light is intensified.
A 25 mm GaAs MCP photo-cathode is selected for 780 nm wavelength. As
shown in Table 3.1, a 9.39 pJ EOSD signal pulse energy is assumed to enter
the camera. Considering the pulse will cover half of the 1280 pixels, the energy
can be approximately converted to 7.4 × 104 photons. Considering 50% energy
loss before entering the ICCD camera and 25% quantum efficiency (QE), only
Page 72
Section 3.2
9246 electrons can be obtained before the amplifier in average. The broader the
laser pulse the fewer the electrons on the camera amplifier. Therefore the camera
intensifier is necessary and the ICCD camera is sensitive enough for the signal.
3.2.8 Laser-Electron Synchronization
The running of CALIFES is based on several trigger and synchronization signals:
a 50 Hz mains synch, 0.83 Hz general start, 250 MHz counters and a timing unit,
as shown in figure 3.14. The 0.83 Hz is synchronized to the 50 Hz mains. A
0.83 Hz signal for the CALIFES laser pulse picker and for streak camera trigger
is generated by the 0.83 Hz general start signal and a counter signal. The same
streak camera trigger signal is also used for trigging our EOSD system.
Figure 3.14: RF timing for CTF3: 3 GHz master clock is mainly split to
CALIFES application, CTF3 timing units and the fibre laser for EO bunch
profile monitor.
From measurements and testing, the streak camera trigger was seem to be well
synchronized to the bunches. After synchronizing our laser to the clock, the laser
clock was found to beat with the trigger signal on oscilloscope as shown in figure
3.15(a).
The yellow curve is the trigger signal for streak camera with 0.83 Hz. The light
blue curve is the 75 MHz laser RF signal. The oscilloscope is running at persistent
mode. So it recorded the 8 states between these two signals. Five states of them
are common and the other three intermittent.
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Figure 3.15: Measurement and calculation of 75 MHz laser clock and 250
MHz counter: (a) Streak camera trigger and Laser RF on oscilloscope (400ps/
grid): 8 states of 10 between these two signals are recorded; (b) Calculation
for 250 MHz counter RF signal and 75 MHz laser signal: a complete period
includes 10 pulses of the counter.
The reason for this beating was that the streak camera trigger is generated by
a 250 MHz counter which is the 12th sub-harmonic of the master clock. Our
laser system is synchronized to a 75 MHz clock which is the 40th sub-harmonic
of the master clock. These two sub-harmonic signals are not integer multiples of
each other. Figure 3.15(b) shows these two signals. It shows a complete period
of these two signals includes 10 pulses of the counter. Since the 0.83 Hz trigger
is generated by the 250 MHz counter, there are ten possible states between the
laser clock and the trigger.
To solve the beating problem, we changed the timing unit of the CTF3 system.
In the beginning, the timing signal of CTF3 was generated from either the 250
MHz counter or a 19.6 MHz (3 GHz divided by 12 and 13) timing unit. After
our change, the timing unit became 0.96 MHz (3 GHz divided by 12, 13 and 20).
Based on this timing unit, we can still obtain a 19.6 MHz timing signal for other
utilities. And the streak camera trigger is generated by this 0.96 timing signal.
Therefore the laser clock is now a harmonic of the timing unit.
For CTF3, the 3 GHz master clock generates a 250 MHz counter and a 0.96 MHz
timing unit. Most of the other trigger or timing signals are based on these two
counters. For CALIFES, 3 GHz drives the gun and three accelerating structures.
A 1.5 GHz signal for CALIFES laser oscillator is derived from this 3 GHz RF.
Details are shown in figure 3.16. For EOSD laser synchronization, the 3 GHz
generates a 74.9 MHz for the EOSD laser oscillator locking. The 75 MHz laser
RF signal is the 40th sub-harmonic of 3 GHz. The 0.83 Hz streak camera trigger
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Figure 3.16: Phase shifters for CALIFES: The 3 GHz phase shifter before
the klystron controls RF phase of the entire CALFIES beam line. Gun: photo-
cathode gun. ACC: accelerator cavity.
is generated by the 0.83 Hz general start as a trigger and 0.96 MHz (the 3120th
sub-harmonic of 3 GHz) as a counter.
The CALIFES gun and three accelerating structures are driven by 3 GHz. The
CALIFES laser is running at 1.5 GHz. But after the pulse picker, the photo
inject laser is running at 0.83 Hz (can be up to 5 Hz).
The EOSD bunch profile monitor requires the laser pulse and the electron bunch
to pass through the crystal simultaneously. The synchronization between the
laser and the electron pulses must be handled with a very good precision, at least
of the order of the bunch length. The layout of the timing and synchronization
system developed for EOSD is presented in figure 3.17.
A 74.963 MHz RF signal, derived from the main 3 GHz (40th subharmonic) RF
system, is provided to lock the repetition rate of the laser oscillator to. A rough
(∼100 ps) synchronization is provided by shifting the phase of this RF signal. The
precise timing overlap between the e-beam and the laser pulse is then performed
using an optical delay line with the ability of 13 fs step increment and 1 ns
scanning range. A 0.83 Hz low jitter signal triggers streak camera and the ICCD
camera. The ICCD camera can be gated within a 3 ns minimum exposure time.
CALIFES is running with 0.8 Hz-5 Hz repetition rate, in either a single bunch
mode or a multi-bunch mode with a pulse train composed of up to 226 bunches.
Page 75
Chapter 3 EOSD bunch profile monitor for CALIFES
Figure 3.17: Timing and synchronization scheme
The experimental tuning of the overlap between the electron bunches and the laser
pulses is performed using the high reflectivity OTR screen mentioned previously.
OTR photons induced by the particles and laser photons reflected by the OTR
screen are sent to a streak camera via a 20 m long optical line. Streak camera
thus monitors the arrival time of both laser photons and OTR photons within a
few picosecond accuracy.
3.3 Preliminary beam measurements
The timing overlap between the photons and the electrons has been measured
preliminary. Figure 3.18 shows both the electron bunch and the laser pulse mea-
sured by the streak camera (Hamamatsu femtosecond streak camera C6138). The
smaller spot on the pictures corresponds to the laser pulse and the bigger one is
the e-bunch. Since it is only used to test the synchronization, the bunch is not
compressed, and the laser pulse here is chirped to 3 ps. From these images one
can extract the longitudinal profile of both the electron bunch (left peak) and the
laser pulse (right peak) as visible on figure 3.18(d). To achieve the laser-bunch
synchronization, the optical delay line of the laser was changed in order to shift
its arrival time earlier or later than the e-bunch, as shown respectively in figure
3.18(a) and figure 3.18(c). The figure 3.18(b) corresponds to overlapping con-
ditions, which implies the electrons and the laser photons arriving on the OTR
screen at the same time. In this condition a maximum peak to peak jitter of 1.2
ps between the two beams was measured over ten consecutive images.
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Figure 3.18: Timing overlap between E-bunch and laser pulse, measured by
the streak camera: (a) Laser on the top; (b) Laser and e-bunch overlap; (c)
Laser on the bottom; (d) Profiles.
The CALIFES bunch length is designed to be 1.4 ps long. However, its bunch
phase shifter has only 80 degree range and cannot work in bunch compression
mode properly at the time of the experiment reported here. Therefore the bunch
length could not be compressed to shorter than 6 ps.
In order to check the principle of the EOSD system, a photo multiplier tube
(PMT) and an oscilloscope were used. This method works even in the case that
the signal to noise ratio is too low for the ICCD camera. Once the bunch and
the laser pulse are overlapped in arrival time, the OTR screen in the accelerator
can be swapped to EO crystal. A high sensitivity PMT was put in front of the
spectrometer. On the oscilloscope, the beam induced EO polarization modulation
can be seen and is shown in figure 3.19. In this figure, the oscilloscope was
triggered by the low jitter timing signal derived from the RF of the accelerator.
The laser pulses are visible as the peaks, which shows one laser pulse, at 87 ns,
with a much larger intensity. In the present situation of 0.2 nC bunch charge and
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Figure 3.19: First EO signal measures by a photomultiplier
7.4 ps bunch length, the EO signal is 6 times larger than the background laser
probe without any optimization of the monitor.
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Measurement results from EOSD
bunch profile monitor
This chapter presents an analysis of the results from the EOSD bunch profile mon-
itor on CALIFES, including timing calibration, bunch charge dependence, and
comparison with streak camera measurements. Finally, the absolute Coulomb
field strength are measured. Three methods to retrieve the Coulomb field strength
are provided, including a single shot method. At the end of this chapter, the ef-
fect of a small half-wave plate offset angle on the bunch length measurement is
studied.
4.1 Timing Calibrations by laser spectrum
The bunch profile information is encoded in the probe laser spectrum due to
the applied linear relationship. In order to measure the bunch length, a time-
wavelength calibration is therefore needed. The time-wavelength relationship can
be calibrated by two methods: delay the laser pulse a known amount using an
optical delay stage with bunch arriving time fixed, or delay the bunch arrived
time by changing CALIFES master RF phase, the scheme of which is shown in
figure 3.14, with the laser arrived time fixed. However, care has to be taken on
the calibration that the laser spectral profile does not distort the bunch profiles
and so also their arriving times.
In the measurements, the EOSD system is set to crossed polarization and the
bunches have charge of 0.3 nC. Figure 4.1 shows the measured bunch profiles
with delaying the RF phase of the CALIFES master clock. In this way all relative
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Figure 4.1: Bunch arrived time measurements made by delaying the CAL-
IFES RF phase. From left to right, the bunch delay time are from 0 ps to 18.5
ps. The colour curves are the measurements. The yellow curve is the probe
laser spectrum.
timing of CALIFES RF signals are kept the same, ensuring the bunch properties
are kept the same and only the arrived time is changed. The CALIFES master
clock is 3 GHz, therefore a 360◦ phase change means a 333 ps delay in time and
the calibration factor is 0.925 ps per degree.
In figure 4.1, the yellow curve is the input laser spectrum, colour curves are the
measured Coulomb fields of bunches with different arriving times. Each profile
is 50 shots averaged, baseline subtracted, and has the square root taken (original
sign is kept) which transforms intensity to Coulomb field.
The phase delay from 165◦ to 145◦ implies the time delay from 0 ps to 18.5 ps,
and bunch positions can be found in Table 4.1. The measured bunch lengths
vary from 70 pixels to 93 pixels and the bunches close to the edges of the laser
spectrum are measured as longer than the ones in the middle. Since bunch profiles
should be same under the same settings, this result doesn’t show undistorted
bunch profiles. As shown in equation 2.83, the EOSD signal is proportional to
laser intensity, leading to the profiles on the slope of the laser spectrum being
distorted. In particular, the signal on the waist is broadened more. The distortion
on the measured profile implies that not only the bunch length but also the bunch
arriving time are distorted by the laser spectrum.
To study the impact of this distortion, a calculation using input Gaussian profiles
without laser spectrum calibration was performed, the results of which are shown
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Figure 4.2: Calculation result for comparison of original Gaussian profiles
and distorted profiles without laser spectrum normalization. Gaussian profiles
(simulating original bunches) with 7 ps FWHM and different delay times are
shown in blue. The distorted profiles (simulating the measured bunch profiles
without laser spectrum calibration) are in red. Laser spectral intensity is shown
in yellow.
in figure 4.2. 7 ps FWHM Gaussian bunch profiles are assumed as the blue curves
and laser spectrum is shown in yellow. The red curves are the calculated distorted
curves simulating the measured Coulomb field profiles. Their field magnitudes
are normalized to unit 1. The FWHM of the red profiles are 7.0 ps, 6.5 ps, 6.3
ps, 7.0 ps and 7.1 ps respectively from left to right. Due to the laser spectrum,
the measured bunch positions move towards to the center of spectrum comparing
to the original bunch positions. The distortion of profiles depend on the slope of
laser spectrum. At the center peak of the laser spectrum, the bunch amplitude
at center of its profile is enhanced more than its side parts, which leads to a
reduction of its bunch length. At the sides where there is a gentle slope of the laser
spectrum, one side of the bunch profile is enhanced more than the other, which
leads to a profile broadening. At the positions of laser spectrum between the
above two, spanning the gentle slope and steep slope, the profiles are performed
from broadening to compact.
The profiles can be retrieved by normalising the measured profiles to the laser
spectrum, the results of which are shown in figure 4.3. From the figure, the
retrieved profiles, in green, are in good agreement with the blue original profiles.
All of the positions, lengths and amplitudes are retrieved faithfully.
Therefore, only the spectra intensity calibrated profiles can be used to calibrate
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Figure 4.3: Calculation result for comparison of original Gaussian profiles
and retrieved profiles with laser spectrum calibration. Gaussian profiles (simu-
lating original bunches) with 7 ps FWHM and different delay times are shown
in blue. The retrieved profiles are in green. The yellow curve is the laser
spectrum.
the time. The laser intensity calibrated bunch profiles are shown in figure 4.4.
Again, the yellow curve is the laser spectrum, and the measured profiles with
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Figure 4.4: Bunch arriving time measurements by delaying CALIFES RF
phase and calibrated by laser spectrum. From left to right, the bunch delay
time are from 0 ps to 18.5 ps. The coloured curves are laser spectrum calibrated
profiles, and the yellow curve is the probe laser spectrum
laser spectrum calibration are in colour. Their positions and lengths, obtained
from their Gaussian fittings, are shown in table 4.1. The profile amplitudes are
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Table 4.1: Positions and lengths for non-normalized and normalized bunch
profiles with different delay time
Delay time(ps) 0 4.6 9.1 14.0 18.5
Non-normal. peak pixel 743 797 849 892 948
Non-normal. FWHM(pixel) 93 75 72 70 82
Normalized peak pixel 728 786 848 901 955
Normalized FWHM(pixel) 86 83 83 83 77
retrieved almost back to the same value. A ±2.4% amplitude fluctuation is in
the 5% bunch charge fluctuation range. The temporal profiles FWHM at the
extremes of delay are 86 pixels and 77 pixels, which are slightly different from
the middle three at 83 pixels. Since these two profiles are located on the boarder
of the laser spectrum, their signal to noise ratio here are worse than for the middle
three, which leads to a distortion in the retrieval process.
In order to describe the impact of timing jitter and data averaging, the laser profile
SL and bunch intensity profile Pb are assumed to be ideal Gaussian functions:
SL = ALe
− t2
2σ2
L and Sb = Abe
− (t−µi)
2
2σ2
b , where AL, Ab are the amplitudes for laser
profile and bunch profile respectively, σL, σb stand for their durations and σL 
σb. µi is the timing offset on the electron bunch relative to laser pulse. If µi > 0,
the bunch arriving at the right slope of the laser spectrum. While µi < 0 implies
the bunch arriving at the left of the slope. To simplify the problem, the jitter
timing µi is supposed to obey a normal distribution, and thus its probability is
P (µi) = e
− µ
2
i
2σ2
j , where σj is the jitter delay standard deviation. Therefore, the
EOSD data profile can be written as S(t) = SL(t) · Sb(t, µi) · P (µi). For N-shot
averaging of the EO signal:
Save =
1
N
N∑
i=1
S(t)
=
1
N
N∑
i=1
[SL(t) · Sb(t, µi) · P (µi)]
=
AbSL(t)
N
N∑
i=1
[
e
− (t−µi)
2
2σ2
b · e−
µ2i
2σ2
j
]
.
(4.1)
If the number of the data sample is big enough, which is N → ∞, then 1
N
→
∆µ→ dµ. Thus,
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Save = AbSL(t)
∫ [
e
− (t−µ)2
2σ2
b · e−
µ2
2σ2
j
]
dµ
= AbSL(t) ·
[
e
− t2
2σ2
b ∗ e−
t2
2σ2
j
]
= SL(t) · Abe−
t2
2σ2 ,
(4.2)
where the averaged bunch duration σ =
√
σ2j + σ
2
b . The equation 4.2 implies that
the distortion on the laser spectrum normalized profiles comes from the timing
jitter σj and the non-identical nature of each bunch profile. The mean arrival
time of the averaged profile has no dependence on the timing jitter if enough
samples are collected.
The second method to calibrate the timing is by moving optical delay stage (with
2 µm resolution) to change the laser arrived time. The results without and with
laser intensity calibration are shown in figure 4.5(a) and 4.5(b) respectively. 15
delay times, from 0 ps up to 19.53 ps, are recorded, and only five plots of them
are shown here. All the data results are shown in figure 4.6. Shortening the laser
optical path leads bunch profile moving to right side of the spectrum as shown.
Therefore the head of bunch is on left side.
With the laser spectral intensity correction, the timing calibrated by CALFIES
phase provides the calibration factor of 0.082± 0.003 ps/pixel, while the timing
calibrated by optical delay stage provides factor of 0.082 ± 0.001 ps/pixel. The
errors here are the standard errors from the time-position fittings. The calibration
factor 0.082 ps/pixel with 1.2% error is selected for all of measurements in this
thesis. For a 7 ps measured bunch length, the error from the calibration is 84 fs.
There is an interesting small peak at 875 pixel number (12.5 ps) after the main
peak of the 0 s time delay profile in figure 4.1. It only appears in the tail of
the 0 s time delay profile, because it is just at the position of laser spectrum
peak. Otherwise, it is buried in noise and cannot be seen. The second peak
cannot be a laser back reflection in crystal, since the crystal is 4 mm thickness
and laser refractive index in ZnTe is 2.83 at 780 nm which will cause a 37.7 ps
delay. Therefore the small peak should be either a part of the electron bunch,
or something else tightly following the bunch Coulomb field. It will be discussed
in the Chapter 4.5. The main peak is 4.76 times bigger than the following peak.
Therefore, even with a drop in the laser peak power or bunch charge by a factor
4.76, the EO signal can still be measured.
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Figure 4.5: Bunch arriving time measurements by delaying translation stage
on the laser line. Shortening the laser optical path leads bunch profile moving
to right side of the spectrum. From left to right, the delay time are from 3.13
ps to 17.97 ps. The yellow curve is the probe laser spectral intensity. (a)
Not normalized by laser spectral intensity; (b) Normalized by laser spectral
intensity.
Figure 4.6 shows the comparison of the two calibration methods: time delay
induced by translation stage and by CALIFES phase, and the results from with
and without laser spectral intensity calibration. The bunch arrival times and
lengths are labelled against their own calibrated time delay. Figure 4.6(a) shows
the bunch arrival times with the delays. The calibration plots without the laser
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spectrum normalization show the beams arriving later because of their calibration
factors are 0.092± 0.004 ps/pixel and 0.087± 0.001 ps/pixel for the beam delay
and the laser pulse delay respectively.
The measured bunch lengths are shown in figure 4.6(b). For the delay stage
calibrated measurements, the two profiles at 18-19 ps delay time are sitting at
the very edge of the laser spectrum, and can’t be retrieved properly due to the
very low signal to noise ratio. The data at 6 ps delay time has a big error and is
not considered in this analysis. The measured bunch (FWHM) is 6.0±0.1 ps with
the laser intensity calibration. For the CALIFES phase delayed measurements,
the bunch at 18 ps delay time cannot be retrieved properly as well. From 0 ps
to 17 ps delay time, the calibrated lengths are 6.8± 0.1 ps. The data between 4
ps and 16 ps delay time shows the calibrated bunch lengths are longer than the
uncalibrated ones. It implies the Gaussian profile of the laser spectrum squeezes
the bunch profile towards its central peak, which means the non-normalized time
scaling is smaller than the normalized one. Note that the two calibration methods
were performed with different CALIFES operation condition, which leads to the
different bunch lengths were measured. The CALIFES phase method provides
90 fs timing resolution and the translation stage provides 13 fs resolution. Since
the translation stage is sitting 20 m before the measurement point, an alignment
error may be induced in. The laser spot position on the EO crystal may change
slightly when the translation stage changes.
Based on figure 4.6, the profiles in the delay time range from 0 to 16 ps can be
well retrieved by laser spectrum. Therefore the effective measurement window is
around 58 ps to 74 ps in duration.
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Figure 4.6: Comparison of the two temporal calibration methods. The
blue and red curves show the results from delay stage method and from the
CALIFES phase method respectively. The non-normalised and normalised
results are shown by star mark and triangle mark respectively. (a) Measured
bunch arriving time with and without laser spectrum calibration (b) Measured
bunch lengths with and without laser spectrum calibration.
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4.2 Bunch profile measurement with bunch charges
Bunch charge plays an important role on Coulomb field strength. The bunch
charge on CALIFES is measured by a wall current bunch charge monitor just
after its photo gun. Here, measured bunch profiles with three bunch charges of
0.17 nC, 0.32 nC and 0.71 nC are shown in figure 4.7.
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Figure 4.7: Bunch profile measurements with three bunch charges: 0.17 nC,
0.32 nC and 0.71 nC (from low to high)
All the three profiles were averaged over 50 shots and processed with the same
method as described in the previous sub-section. The amplitude of the three
profiles are relative to each other, although their field values are not calibrated
to absolute values. The arrival times have more than 1 ps difference among
these three because the CALIFES RF phase was changed during the three mea-
surements. To study the relation between bunch charge and measured EOSD
value, regardless of its profile, the profiles are integrated over time. Note that
based on equation 2.4, bunch Coulomb field is related to bunch longitudinal
charge density: ECoul (t) = Ee0 (t) ∗ ρ (t). If the Coulomb field is integrated
over the pulse duration on both sides of the equation and apply a rewritten,
then the integration of Coulomb field is proportional to bunch total charge Q:∫
ECoul(t)dt =
∫
Ee0 (t) dt ·
∫
ρ(t)dt ≡ Q
e0
· ∫ Ee0 (t) dt1, where e0 is the charge of
one electron. The integration result is independent of longitudinal bunch dura-
tion. Based on the above equation,
∫
ECoul(t)dt/Q ≡
∫
Ee0 (t) dt/e0 ≡ Constant
are expected. Since lack of the field strength calibration, the relative values from
these three bunch profile measurements are discussed here. The measured three
1
∫
(f(t) ∗ g(t))dt = ∫ f(t)dt · ∫ g(t)dt.
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profiles are integrated over time and normalised by their bunch charge. If the re-
sult for the 0.17 nC bunch is considered as Ve0 with 4% random error calculated
from 50 shots, then the results for the 0.32 nC bunch and 0.71 nC bunch are
1.02Ve0 with 4% error, and 0.93Ve0 with 2% error respectively. The results here
show the linear dependence between the
∫
ECoul(t)dt term and bunch charge.
Therefore once the Coulomb field strength and the beam position are known, the
bunch charge information may be retrieved from the bunch profile measurement.
The methods to retrieve Coulomb field strength are discussed in section 4.5.
The reason for the slightly lower value on 0.71 nC may because of bad trans-
mission for high charge bunch on CALIFES which is designed for bunch charge
no more than 0.6 nC. The bunch charge monitor is installed just after the photo
injector of CALIFES, and the EO bunch profile monitor is installed 10 meters
after. Part of the bunch maybe lost on the way between photo gun and the EO
crystal. For example, space charge pushes the bunch longer, however only the
core part of the bunch can be accelerated effectively, which leads to part of the
charge being lost. Another possible reason is the bunch with 0.71 nC charge has
a long tail. Since the charge in the tail is low so that the tail signal is buried in
the noise, the measured data cannot show the whole charge information. With
bunch charge increasing, space charge plays a role on profile broadening. For the
three measurements from low charge to high, the measured FWHM of profiles
are 5.3± 0.1 ps, 6.4± 0.1 ps and 9.0± 0.1 ps respectively.
4.3 Comparison with streak camera measure-
ments
For cross checking the EO bunch length measurements are compared with streak
camera measurements under four CALIFES RF phase settings.
The streak camera measurements are based on the OTR transfer line of the
EOSD system as shown in figure 3.17. This OTR line is designed for checking
the synchronization of laser photons and the bunch induced OTR photons by
streak camera, which is not optimized for bunch length measurement. Since
there is a low signal to noise ratio (SNR) on the streak camera measurements,
when working on its 50 ps sweeping window, no bandwidth filter are used on
the OTR photons line and the entrance slit were widened to 2 mm in order to
gain more photons, at the price of lower timing resolution. Therefore the streak
camera was not working on its best resolution condition.
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Figure 4.8: EOSD and streak camera measurements comparison under the
4 CALIFES RF phase settings: (a) EOSD measurements; (b) Streak camera
measurements.
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During the EOSD measurments, the half-wave plate was set to +5◦ in order to
improve signal to noise ratio. This half-wave plate offset induces a factor of 1.13
between the measured bunch length and the original bunch length, since the
EOSD measures both the linear Coulomb field term and its quadratic term. The
factor number comes from numerical calculation, and this effect on the bunch
length will be discussed in subsection 4.6. To get the bunch information, the
measured signals are background and baseline subtracted, and their intensities
are normalised by the laser spectrum. Each plot in figure 4.8(a) is the average
over 50 shots and the plots are averaged by 20 shots in figure 4.8(b). All plots
are also 5 point smoothed and centered based on Gaussian fits. For the 0.35
nC bunch charge and a single shot measurement, the signal to noise ratio of EO
measurement is 54, which is better than streak camera’s signal to noise ratio of 42.
In figure 4.8(a), the noise level on the earlier shoulder of the profiles is higher than
the later shoulder, which is induced by the laser spectrum normalization. The
timing jitter shown from the measurements using the EOSD system is less than
1 ps, due to the laser synchronization, which is much smaller than the internal
jitter of the streak camera (approximately 30 ps).
From dataset 1 to dataset 4, the calibrated EO measured bunch lengths are
10.2 ± 0.2 ps, 10.4 ± 0.2 ps, 9.3 ± 0.2 and 5.4 ± 0.2 ps FWHM. The estimated
error here includes ±0.1◦ half-wave plate angle error and a random error. The
slit size plays an important role on the resolution of the streak camera. The
calibrated streak camera measured bunch lengths by 2 mm slit size are 8.5± 0.5
ps, 10.2 ± 0.5 ps, 9.0 ± 0.5 ps and 6.9 ± 0.5 ps FWHM for the four sets of data
respectively [17]. For the dataset 4, 5.4 ps measured by EO monitor and 6.9
ps measured by streak camera. This big difference may be because the streak
camera is already at its resolution limit under this operation condition. Under the
setting of dataset 4, the bunches have lower intensity and shorter bunch length
which are shown in both measurement results.
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4.4 Measurement with half-wave plate angles
As shown in equation 2.76, for the cross polarization setup the measured signal is
composed of the sum of three terms: a background term (I1) which is proportional
to laser intensity, a linear term (I2) which is proportional to Coulomb field, and a
quadratic term (I3) which is proportional to the Coulomb field square (intensity).
If the setup is an ideal crossed polarization, the result only follows the quadratic
term. However, if the setup does not work in an ideal condition, background
leakage by rotation of the λ/2 wave plate for instance, the result should contain all
the three terms. In this section, a background is leaked in the EOSD measurement
by rotation of λ/2 wave plate. This allows the absolute value of the Coulomb
field to be determined, and also for the polarity of the field to be observed.
While Coulomb field alone will be uni-polar, wakefields following the bunch will
potentially have the opposite polarity to the Coulomb field. All the measurements
are taken in the condition of 0.3 nC bunch charge, 200 MeV beam energy and
observed at 2 mm away from the bunches.
In order to extract the absolute value of a Coulomb field, the key is to remove
the quadratic term or distinguish the linear term and quadratic term, since the
background term can be removed easily by background subtraction. Also based
on equation 2.76, for a setting of λ/2 wave plate angle φ, λ/4 wave plate angle
α = 0 and EO crystal angle θ = pi/4, the measured signal, composed of the three
terms, are shown as:
I (φ) = I1 (φ) + I2 (φ) + I3 (φ) ,
I1 (φ) = Ilaser · sin2(2φ),
I2 (φ) = −Ilaser · A2(τ) · sin(4φ),
I3 (φ) = Ilaser · A3(τ) · 2 cos2(2φ),
(4.3)
where Ilaser =
0c
2
|Eopt (ω)|2, and:
A2(τ) =
zω
cn
√
pi
β
[
EeffCoul (τ + t0) ∗ cos
(
τ 2
4β
− pi
4
)]
,
A3(τ) =
(zω
cn
)2 pi
2β
∣∣∣∣EeffCoul (τ + t0) ∗ e( iτ24β − ipi4 )∣∣∣∣2 , (4.4)
where A2(τ), A3(τ) are independent of λ/2 wave plate angle, being determined
by the Coulomb field. An example of the signal behaviours where all three terms
of equation 4.3 are present in the measurement is given in figure 4.9.
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A laser pulse centred at 787 nm, with 130 fs FWHM initial duration chirped to
13.8 ps FWHM is defined here in order to simulate the real laser pulse in the
calculation. The time duration for a Gaussian profile is described by its Full
Width at Half Maximum (FWHM) in the following, except indicated specially.
The Coulomb field is supposed to have a 6 ps duration and an ideal Gaussian
longitudinal profile. The nonlinear crystal is 4 mm thickness ZnTe. Figure 4.9
shows the calculated and measured results based on these definitions with λ/2
wave plate set to −3.7◦. The blue curve in 4.9(a) is the total output signal and
the red curve shows the leaked background without Coulomb field applied, which
is described by the background term I1. Figure 4.9(b) shows the background
subtracted result (green curve) which equals the sum of the linear (red curve)
and the quadratic term (blue curve). In this condition, the linear term is negative
and proportional to the Coulomb field. I3 is proportional to the Coulomb field
intensity and is always positive. Note that the second term I2 can be positive if
the λ/2 wave plate has a positive angle in this setup. Therefore, the central peak
of the total signal comes from the peak of the quadratic term, and the two valleys
beside it mainly come from the linear term. The quadratic term is narrower than
the linear term since related to Coulomb field square. The blue curve in figure
4.9(c) shows the measured total profile, and red curve is the laser background at
this λ/2 wave plate angle. Figure 4.9(d) shows background subtracted profile, and
its intensity is normalized by laser spectrum in order to prevent distortion by the
imperfect Gaussian profile of laser spectrum. Therefore its profile is independent
of the intensity of the probe laser spectrum.
Comparing with the calculated results, a slightly asymmetric structure can be
found in the measured signals, especially in the background removed signals. This
asymmetry is induced by the phase matching in the crystal. The phase matching
efficiency, between the THz pulse and the laser pulse, depends on wavelength as
shown in equation 2.44. Without this effect, the signal is symmetric as shown in
the inserted figure in figure 4.9(b).
Figure 4.10 shows the calculation (4.10(c)) and measurement (4.10(b)) results
with λ/2 wave plate angle at 0◦, ±1.2◦, ±2.5◦ and ±3.7◦. When a λ/2 wave
plate is turned toward to 0◦ which is an ideal crossed polarization, the quadratic
term grows and plays the main role, while the linear term becomes weaker. From
zero λ/2 wave plate angle to positive angles, the linear term becomes positive
and grows with the quadratic term. For the measured signals at inverse λ/2
wave plate angles, the absolute values of each term are equal to those at the
respective original angles, but the total signals are different. As shown in the
figure, the measured profiles fit the calculation very well. In the measurement,
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the bunch was not perfectly centered at the peak of the laser pulse, as shown
in figure 4.10(a). From negative angle to positive, the measured signals shift to
longer wavelengths. Fortunately this effect can be removed by normalizing the
signal using laser spectrum intensity, and mathematically shifting them back to
their center. Since the complex profiles are not suitable for Gaussian fitting, the
standard of center is not defined by their top peak, but defined by zero crossings
after the main peak as shown in figure 4.10(b) at the 19 ps position. After the
shifting, the absolute wavelength as the x-axis in the figures is meaningless, and
is replaced by relative timing scale in ps.
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Figure 4.9: Calculated and measured results for λ/2 wave plate at −3.7◦: (a)
Calculated total signal and background; (b) Calculated background removed
signal from the total signal. The background removed signal is the sum of the
linear term and the quadratic term. The insert figure shows the background
removed signal without phase mismatching effect; (c) Measured total signal and
background; (d) Measured background removed signal from the total signal.
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Figure 4.10: Calculated and measured results for λ/2 wave plate between
±3.7◦: (a) Measured background removed and laser spectrum normalised sig-
nal; (b) Measured background removed and laser spectrum normalised signal
(shifted); (c) Calculated background removed and laser spectrum normalised
signal for 6 ps Gaussian bunch.
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4.5 Absolute value of the Coulomb field
In order to extract the absolute values of A2 and A3 from equation 4.3, the laser
intensity value is needed. In fact, any laser intensity measured on an ICCD
camera is a relative value, and needs to be calibrated in order to determine the
absolute electric field strength in V/m. The relationship between the relative
intensity Ir and absolute intensity Iabs can be expressed by: Ir = Iabs · κ, where
the factor κ stands for the ICCD camera conversion efficiency. Since the ICCD
camera responds linearly with light intensity, the calibration factor is the same
for all measurements. Therefore, equation 4.3 can describe for both absolute
intensity and relative intensity. Further more, once the measured signals are
calibrated by relative input laser intensity, the results I(φ)/Ilaser are independent
of laser intensity. In the following, I demotes the measured uncalibrated intensity,
unless specifically indicated otherwise.
A background signal I1(φ = −22.8◦), measured with λ/2 wave plate angle at
−22.8◦, is selected to calculate the full input laser intensity. Then the full laser
intensity can be obtained by: Ilaser = I1(φ = 22.8
◦)/[sin2(2 × 22.8◦)]. This
intensity Ilaser can be used to calibrate all other measured signals.
Coming back to equation 4.3, the measured and calculated maximum intensity
of background Imax.1 (φ) are shown in figure 4.11 with λ/2 wave plate orientation
between ±3.7◦. The plots are calibrated by input laser intensity, and it can be
expressed by: Imax.1 (φ)/Ilaser = sin
2(2φ). The error bar shows standard error
from 50 shots averaging at each data point. The standard error is defined as:
Std(x) =
[
1
n(n− 1)
n∑
i=1
(xi − x)2
]1/2
, (4.5)
where xi is the analysis data with data sample number n and mean value x.
From the measured data presented in figure 4.11, the uncertainties in λ/2 wave
plate angles can be calculated. It shows the angles have ±0.1◦ error consistent
with specifications on the motor controlled rotation stage. The 0◦ λ/2 wave
plate angle is defined by the λ/2 wave plate angle at the best extinction position.
Since the laser intensity is buried in the noise at this condition, the 0◦ may have
a systematic error. The ±0.1◦ λ/2 wave plate angle error leads to 1.5% error
in bunch length measurement, which implies 0.09 ps error for a 6 ps bunch. It
also leads to 4% profile amplitude error in Coulomb field strength measurements,
which implies 0.05 MV/m error for a 1.3 MV/m field.
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Figure 4.11: Calculation and measured maximum intensity of background
with λ/2 wave plate orientation between ±3.7◦
In order to extract its absolute value from measurements of A2 and A3, the
Coulomb field can be obtained by:
EaCoul (τ + t0) = ECoul (τ + t0) ∗ cos
(
τ 2
4β
− pi
4
)
= A2/
(
zω
cn
√
pi
β
· χ2 · ξ
)
≈ ECoul (τ + t0) ,
(4.6)
EbCoul (τ + t0) =
∣∣∣∣ECoul (τ + t0) ∗ e( iτ24β − ipi4 )∣∣∣∣
=
√
A3/
(
zω
cn
√
pi
2β
· χ(2) · ξ
)
≈ |ECoul (τ + t0)| ,
(4.7)
where ξ is the phase matching function, and χ(2) is the second-order nonlinear
optical susceptibility. They come from EeffCoul (τ + t0) = ECoul (τ + t0) · ξ · χ(2)
as shown in equation 2.47. The retrieved signal EaCoul (τ + t0) is a convolution
of the absolute Coulomb field and a cosine term. For 6 ps long bunches within
this measurement condition, EaCoul (τ + t0) is a good approximation for the real
Coulomb field. It is the same for EbCoul (τ + t0), which is a good approximation
for the Coulomb field’s absolute value. The approximation of the convolutions
in equation 4.6, 4.7 reducing to convolutions with a δ-function is described in
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Section 2.4.4.
The follow considers three procedures to extract Coulomb field information from
the measured data with varying wave plate angles.
4.5.1 Method by Least-squares fitting
Based on the equation 4.3, the background removed signal, which is the measured
optical intensity in presence of an electron bunch minus the intensity without
electron bunch, can be written as:
I23(φ) ≡ I(φ)− I1(φ)
= Ilaser ·
[−A2 · sin(4φ) + A3 · 2 cos2(2φ) + Ares] . (4.8)
Ares is the residual background which can not be removed from I(φ), introducing a
systematic error. The absolute value of A2 and A3 can be obtained by normalizing
I23(φ) using Ilaser, then the intensity calibration factor  is cancelled from the
division and the resultant A(φ) is independent of the input laser intensity:
A(φ) =
I23(φ)
Ilaser
= −A2 · sin(4φ) + A3 · 2 cos2(2φ) + Ares
≈ −4A2 · φ+ 2A3 + Ares,
(4.9)
where it is assumed φ  1 (φ ≈ 7 × 10−2 rad in the examples that follow). For
the small angle condition, the intensity linearly depends on λ/2 wave plate angle,
and therefore a simple linear least-squares fitting can be applied, as shown in
figure 4.12.
Figure 4.12 shows these measured peak values of the data in figure 4.10(b) at
12.65 ps (787 nm) as a function of the λ/2 wave plate angles, and a least squares
fitting of the data. The error bars show standard error from 50 shots averaging
at each data point. The fitting results are: A2 = (13.1 ± 1.24) × 10−2, A3 =
(13.6± 1.1)× 10−3.
The retrieved Coulomb field strength from A2 is 1.20± 0.20 MV/m, and from A3
is 1.37± 0.10 MV/m. The uncertainty for A2 and A3 is calculated based on 95%
confident interval (2σ range).
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Figure 4.12: Linear least-squares fitting with λ/2 wave plate orientation
between ±3.7◦
Based on equation 4.9, the second term of Taylor series for sin(4φ) and cos2(2φ)
can also be applied, and obtain: A(φ) ≈ −4A2 ·φ+ 2A3 +Ares−8A3φ2 + 323 A2φ3.
The last two terms have a value of less than 5× 10−4, and can be neglected. The
linear term of Taylor expansion of the trigonometric functions can be seen as a
valid approximation at this THz strength level and half-wave plate angle range.
For each probe wavelength, corresponding to a particular time within the bunch, a
least-square fitting to signal value can be applied and A2, A3, at that wavelength,
can be obtained. This allows a temporal profile to be evaluated. Taking the data
shown in figure 4.10(b), and performing least-square evaluation for A2 and A3 as
a function of wavelength, the Coulomb field value at each wavelength is obtained
and the retrieved Coulomb field profile is shown in figure 4.13. The blue curves
in the figures are the retrieved Coulomb field from the linear term A2 and the
quadratic term A3 at each wavelength. The red curves and green curves are
the upper bound and lower bound in each figure respectively. The bounds are
determined by the fitting results for A2 and A3, based on 95% confidence interval
which are within 2σ range. The Coulomb field value calculated from A3 is slightly
higher than it from A2. This is attributed to the resident background Ares can
not be removed and contributes as shown in equation 4.9.
The least-squares fitting method uses the whole seven data sets from −3.7◦ to
+3.7◦ to calculate the Coulomb field. It gives the best result which fits all data.
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Figure 4.13: Retrieved Coulomb field from the linear term and quadratic
term (in blue), the 95% confidence intervals determined bounds are shown in
red (upper) and green (lower): (a) Retrieved Coulomb field from the linear
term; (b) Retrieved Coulomb field from the quadratic term;
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From 20 ps to 30 ps, there is a small bump following the main peak in fig-
ure 4.13(b). This bump can be easily mistaken as a bunch structure in the
tail within one electron bunch in the crossed polarization detection. However,
this bump comes from the negative part of the retrieved Coulomb field in fig-
ure 4.13(a), since the cross polarization detection measures the Coulomb field
square. In this measurement condition, the Coulomb field should always be pos-
itive. Therefore, the measured negative part may be the wakefield of the bunch.
The bunch wakefield is known to be observable through EO techniques, and has
been experimental measured[9][40][29].
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4.5.2 Method by two-shot measurement
The previous method of retrieving the absolute Coulomb field requires many data
points at different wave plate angles, something which may not always be possible
or desirable to do. Here an evaluation of the Coulomb field from a single pair
of observations is discussed. This method can obtain the Coulomb field from a
two-shot measurement with λ/2 wave plate at symmetry angles, or a single-shot
measurement that the probe is split into two and measures at two different half-
wave plate settings. Equation 4.3 shows that for angles of λ/2 wave plate at
±φ the background and quadratic terms are the same but the linear terms are
opposite numbers:
I23(φ) = Ilaser ×
[−A2 · sin(4φ) + A3 · 2 cos2(2φ) + Ares] ,
I23(−φ) = Ilaser ×
[
A2 · sin(4φ) + A3 · 2 cos2(2φ) + A′res
]
.
Therefore, with the definition of equation 4.8, the linear and quadratic term can
be extracted by:
A2 =
[
I23(−φ)− I23(φ)
Ilaser
+ (A′res − Ares)
]
· 1
2 sin(4φ)
, (4.10)
A3 =
[
I23(−φ) + I23(φ)
Ilaser
+ (A′res + Ares)
]
· 1
4 cos2(2φ)
. (4.11)
Applying this method to the measured data with pairs of λ/2 wave plate angles
at ±3.7◦, ±2.5◦ and ±1.24◦, the Coulomb field can be retrieved in the same
way of equation 4.6 and 4.7. Results of such an evaluation are shown in figure
4.14. Note the signal intensities are all calibrated by full laser intensity. The
retrieved maximum values of Coulomb field from the linear term are 1.36± 0.26
MV/m, 1.30± 0.16 MV/m and 1.28± 0.15 MV/m for the three angle pairs, and
the retrieved maximum values from the quadratic terms are 1.39± 0.12 MV/m,
1.38± 0.12 MV/m and 1.32± 0.13 MV/m.
This method assumes that the λ/2 wave plate angles are set sufficiently close to
±φ that the linear term or the quadratic term can be cancelled completely. The
error estimate in the above stated field strengths includes a potential 0.1◦ λ/2
wave plate angle error. For the background uncertainty, the difference and sum
of the residual Ares and A
′
res are included in A2 and A3 respectively. In addition,
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Figure 4.14: Retrieved Coulomb field from the linear and quadratic terms
of signal with λ/2 wave plate at ±1.2◦, ±2.5◦ and ±3.7◦ pairs: (a) Retrieved
Coulomb field from the linear term; (b) Retrieved Coulomb field from the
quadratic term.
the electron bunches are drifting with time, and they are encoded with different
wavelength segment. The λ/2 wave plate in this measurement is designed for
780 nm only. Therefore, for the encoding with wavelengths other than 780 nm,
a potential λ/2 wave plate angle error is induced.
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4.5.3 Method by single shot measurement with one cali-
bration
The Coulomb field can be obtained from a single shot measurement with λ/2
wave plate at arbitrary positions, but requires a separate one-time calibration
to be carried out. With the similar definition as shown in the method two, for
an ideal crossed polarization measurement, only the quadratic term is measured.
The background removed EO signal I23(φ) and the crossed polarization signal
I(φ = 0) can be expressed as
I23(φ) = Ilaser ×
[−A2 · sin(4φ) + A3 · 2 cos2(2φ)] ,
I(φ = 0) = 2A3 · Ilaser.
Therefore, once the crossed polarization signal I(φ = 0) is obtained, the mag-
nitude of the quadratic term I3(φ) at arbitrary λ/2 wave plate angle can be
retrieved. Then the linear term A2 can be extracted by:
A2 = −I23(φ)− I(φ = 0) · cos
2(2φ)
Ilaser
· 1
sin(4φ)
. (4.12)
For the quadratic coefficient A3, it can be obtained by A3 =
I(φ=0)
2Ilaser
. Applying
this method to the measured data with λ/2 wave plate angles at ±3.7◦, ±2.5◦
and ±1.2◦ respectively, the retrieved results are shown in figure 4.15.
The profiles from three positive half-wave plate angles match each other very well.
So does the profiles from negative angles. However differences appear at the peak
between the two groups. The retrieved Coulomb field from the three negative
angles are approximately 1.3 MV/m, while those from the three positive angles
are approximately 1.5 MV/m. In order to compare with the two-shot retrieval
of the previous section, the retrieved Coulomb field profile from a positive angle
and the one from its opposite angle are averaged. The results are shown in figure
4.16. The averaged peak Coulomb fields are 1.35, 1.30 and 1.28 MV/m, and
their profiles and peak values are consistent with the results from the method by
two-shot measurement.
The difference in the profiles of the retrieved fields are related to the sign of
λ/2 wave plate angles. For the three terms constituted measured signal, the
background term and quadratic term are both independent of the sign of λ/2
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Figure 4.15: Retrieved Coulomb field from: (a) the linear terms of the signal
with λ/2 wave plate at ±1.2◦, ±2.5◦ and ±3.7◦; (b) the quadratic term
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Figure 4.16: Averaged Coulomb field profiles from the retrieved Coulomb
fields at the opposite half-wave plate angles: ±1.2◦, ±2.5◦ and ±3.7◦.
wave plate angle. Therefore, there are two possible reasons: the first being that
the data of the quadratic term, which is the I(φ = 0) term, includes the linear
term as well. Then when doing the subtraction I23(φ) − I(φ = 0) · cos2(2φ), it
removes the quadratic term but induces an extra linear term. This small induced
linear term plays a role on the top position of the retrieved Coulomb field. Since
the linear term is unknown, it cannot be compensated directly. However, this
induced linear term is also dependent on the sign of λ/2 wave plate angles and it
can be removed by averaging the signals from the positive and the negative λ/2
wave plate angles, which is the principle of the method by two-shot measurement.
And also, a linear term can be presumed inside the quadratic term and least
squared fitting can be used to find it out, which comes to the method by least-
squares fitting; the second possible reason for systematic difference in retrieved
field strength with wave plate angle sign is the quarter-wave plate is not at the
ideally 0◦, or alternatively at the optimised position for compensating the residual
birefringence. Adding the quarter-wave plate angle in equation 4.3, we obtain
I1 = A1 · sin2 2(α− φ),
I2 = −A2 · sin(2α− 4φ),
I3 = A3 ·
[
cos2(2φ) + cos2 2(α− φ)] . (4.13)
With the quarter wave plate angle added in, the value of a residual quadratic
term is related to the sign of λ/2 wave plate angle, and it can play a role on the
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Figure 4.17: Retrieved Coulomb field from the linear terms of signal by
inducing +0.5◦ quarter-wave plate offset angle
maximum value of the retrieved field. Applying the above equations into equation
4.12 and quarter-wave plate angle is +0.5◦, the result displayed in figure 4.17 is
obtained.
The positive and negative data sets agree on their magnitude but not on their
profile shape. The retrieved Coulomb field from the three negative angles are from
1.45 MV/m to 1.55 MV/m, while those from the three positive angles are from
1.5 MV/m to 1.8 MV/m (Max. peak). However, the Coulomb field retrieved from
crossed polarization detection I(φ = 0) is 1.17 MV/m. The linear term residing
in the quadratic term may be the reason for the disagreement on the profile top
between the signals from the positive and negative λ/2 wave plate angles. The
error resident in the three terms of I(φ) can not be compensated by each other
and is added not only in the Coulomb field value, but also in the profile shape.
As a conclusion, an intentional offset half-wave plate introduces all three of the
background term, the linear term and the quadratic term in the measured data.
Three methods for retrieval of the absolute bunch Coulomb field have been de-
scribed. The two-shot measurement provides a quick retrieval process to obtain
Coulomb field strength. However, the measurement accuracy is sensitive to sys-
tematic error in half-wave plate angle. The least-squared fitting method has
the ability to reduce this systematic error. The single shot method is not rec-
ommended under these measurement conditions. In the condition of the above
measurements, the Coulomb field retrieved from the quadratic term at small
half-wave plate angle provides lowest uncertainty. The retrieval method from
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the linear term has the capability to show the bipolar profile. A retrieved peak
field strength of 1.3 MV/m is obtained and is consistent with the known bunch
charge and inferred temporal profile. The analysis techniques and the measured
signal-noise characterises may be of use in evaluations potential for EO based
beam-profile monitors.
4.6 The impact of small half-wave plate angle
on the bunch length measurement
In order to obtain higher signal to noise ratio, sometimes the EO measurements
are performed in a near-crossed polarization configuration. In this arrangement,
the second polarizer is set to a few degrees off from the ideal crossed state.
However this leads to a signal that is a combination of the linear and quadratic
terms and it may introduce systematic error in the measurement accuracy. To
study this affect on signal intensity and bunch length calculation, a 6 ps bunch
is in the calculation, and the results are shown in figure 4.18
The peak values of the linear and quadratic terms with λ/2 wave plate angles
are shown in the figure 4.18(a). The factor for the linear term 0.131 and for the
quadratic term 0.0136 are obtained in the previous section 4.5 Method by least-
squares fitting. At λ/2 wave plate angle of +3◦, the magnitude of the linear term
and the quadratic term are equal to each other. At pi/8 half-wave plate angle, the
linear term achieves maximum value, and both linear term and quadratic term
are zero when half-wave plate angle at pi/4. Comparing to the linear term, the
quadratic term only varies within the range of 0 to 0.025, which also depends on
the Coulomb field value. A ratio value of the linear term (absolute value) over
quadratic term is shown in figure 4.18(b). In the plot, at 1◦, the linear term
has a value of 34% of the quadratic term. Therefore, even for a small λ/2 wave
plate offset angle, both the quadratic term and linear term have to be considered.
Ignoring any term may lead to an inaccurate measurement on the Coulomb field
value.
The accuracy of measured bunch length also depends on the half-wave plate angle,
and the relation is shown in figure 4.18(c). At half-wave plate φ = 0, the linear
term disappears and the measured signal is the quadratic term only. Therefore, it
is reasonable to assume that the measured signal is proportional to the Coulomb
field squared. Then the bunch length can be obtained by taking a square root of
the measured signal, as shown in the red line at φ = 0. As half-wave plate angle
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Figure 4.18: Measured signal intensity and bunch length with half-wave
plate angles. A 6 ps bunch is supposed in the calculation. (a) Value of the
linear and quadratic term; (b) Peak value ratio: Absolute value of the linear
term/quadratic term; (c) Measured signal is considered as the linear term (in
blue) or considered as the quadratic term (in red).
Page 110
Section 4.6
increases, the linear term starts playing a more significant role, which leads to
a broadening on the measured signal. More than 1 ps broadening appears at φ
over 1.8◦ if still taking a square root of the signal. In this situation, the measured
signal can be considered as proportional to the Coulomb field only and the bunch
length can be directly obtained from the signal itself. However, the both above
methods are lacking accuracy. The impact of a small half-wave plate angle can
not be ignored, but it can be managed by applying a perfect crossed polarization
detection, which means zero half-wave plate angle and zero quarter-wave plate
angle. Alternatively it can be managed by separating the linear and quadratic
terms by the methods discussed in section 4.5.1, 4.5.2 and 4.5.3.
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Phase matching in sideband
generation
5.1 Introduction and purpose
A new method, spectral upconversion, for bunch profile diagnostic was reported
by Jamison et al in 2010 [13] and Tilborg et al in 2011 [50]. In that work, EO
induced spectral broadening of a quasi-monochromatic probe was observed. The
novel way to encode THz information into a narrow band laser pulse may have
an application in bunch profile measurement with a simplicity of scheme. The
underlying physics of the EO interaction is the same as the EOSD that is the
subject of this thesis. The sum and difference frequency generation ωopt ± ωTHz
through the second-order nonlinear optical susceptibility χ(2) in frequency mixing
mechanism, is confirmed in his paper. Comparing to the spectral upconversion
method, the EO Spectral Decoding method also relies on the upconverted fre-
quencies, but with the additional effects of interferes with the broadband input
probe. Studying the spectral upconversion allows detection issues that apply to
EOSD to be examined in a clearer way.
For the upconversion method, only the intensity of THz spectrum is measured.
It has a potential application in accelerator beam stabilisation measurement,
where the explicit time profile is not required. Based on this method, a simple
continuous wave laser can be used for beam diagnostic, which may reduce the
laser cost, and simplify the diagnostic system.
In spectral upconversion, the diagnostic information is encoded in the induced
sidebands. It is essential to detect the complete non-distorted sidebands. The
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propagation direction of the generated sidebands is an important factor that
affects the way of detection. For example, it may cause a failure on fibre cou-
pling with an unexpected beam incident angle. The experiment in this chapter
discusses the effect of input THz angle on the sidebands’ emitting angle. The
results can be used to improve the stability and resolution of EOSD system.
5.2 Principle and calculations
5.2.1 Principle and formulas
To describe the upconversion process, which includes sum-frequency and difference-
frequency generation, a lossless non-linear optical medium is supposed here. As
has been done in Chapter 2 for a broadband optical wave in a collinear geometry,
the wave can be defined as:
E (r, t) =
∫
E˜ (r, ω) e−iωtdω
=
∫
A˜ (r, ω) eik(ω)·re−iωtdω,
(5.1)
where E (r, t) is defined in time domain and varies rapidly in time. E˜ (r, ω) is
defined in frequency domain. A˜ (r, ω) is wave amplitude, k (ω) is wave vector and
|k| = n(ω)ω
c
, which is related to reflect index n and frequency ω. This equation
describes a non-monochromatic wave travelling along the direction r. It can stand
for a laser beam, a THz beam, a sum-frequency, or difference-frequency beam.
The sum frequency generation process is taken for an example here. The wave
vector k (ω), field E and direction r are vectors.
As discussed in Chapter 2, the generated source term is related to the geometry
of crystal and incident beams. Without losing generality, we studied the source
term in a principal axis, and it can be presented by the laser electric field at
frequency ω and THz field at frequency Ω:
P˜3 (r, ω) = 20χ
(2)(ω; Ω, ω − Ω)E˜1 (r,Ω) E˜2 (r, ω − Ω)
= 20χ
(2)(ω; Ω, ω − Ω)A˜1 (r,Ω) A˜2 (r, ω − Ω) ei(k1+k2)·r.
(5.2)
Putting the source term P˜3 (r, ω) into the wave equation, The generated electric
field E˜
′
3 (r, ω) can be obtained. Here the case of a finite transverse profile beam is
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(a) Crystal (b) Wave vector
Figure 5.1: scheme of crystal and wave vector position and frame: (a) The
rectangular crystal is in the range of z ∈ [0, L], x ∈ [−A,A] and y ∈ [−B,B].
|robs| is the distance between origin O to observation point; (b) Vector k has
an angle of φ to x-z plane and an angle of θ between its projection on x-z plane
and z axis.
considered, with a non-collinear propagation geometry. Including the contribu-
tions of each point in the non-linear crystal and also the propagation from crystal
to an observation point as shown in figure 5.1, the detected electric field at the
observation point is the integration of E˜
′
3 (r, ω) over the entire crystal, shown as:
E˜3 (robs, ω) =
∫ ∫ ∫
eiΦ3E˜
′
3 (r, ω) dr
=
∫ ∫ ∫
ei(robs−r)·k3E˜
′
3 (r, ω) dr.
(5.3)
Extending E˜
′
3 (r, ω) in equation 5.3, we can get a general result:
A˜3 (robs, ω) = B˜(ω)χ
(2)(ω; Ω, ω − Ω)
∫ ∫ ∫
A˜1 (r,Ω) A˜2 (r, ω − Ω) ei∆k·rdr,
(5.4)
where B˜(ω) = iω2/[2c2k3(ω)], and
∆k(ω; Ω, ω − Ω) = k3(ω)− k1(Ω)− k2(ω − Ω). (5.5)
Therefore, based on the geometry in figure 5.1(b), wave vector k has an angle of
φ to x-z plane and an angle of θ between its projection on x-z plane and z axis:
∆kx(φ, θ) = |k3| cosφ3 sin θ3 − |k2| cosφ2 sin θ2 − |k1| cosφ1 sin θ1, (5.6)
Page 115
Chapter 5 Phase matching in sideband generation
∆ky(φ, θ) = |k3| sinφ3 − |k2| sinφ2 − |k1| sinφ1, (5.7)
∆kz(φ, θ) = |k3| cosφ3 cos θ3 − |k2| cosφ2 cos θ2 − |k1| cosφ1 cos θ1. (5.8)
The incident beams are assumed to have Gaussian transverse profiles. The prop-
agation is assumed to be sufficiently close to collinear, and transverse size large,
propagation distance sufficiently small, that the beams do not appreciably walk-
off transversely. Therefore the wave amplitudes are independent of z axis. Then
the equation 5.4 can be rewritten in a rectangular coordinate system as:
A˜3 (ω, φ, θ) =B˜(ω)χ
(2)(ω; Ω, ω − Ω)
·
∫ L
0
ei∆kzzdz
∫ +∞
−∞
∫ +∞
−∞
A˜1 (Ω, x, y) A˜2 (ω − Ω, x, y) ei(∆kxx+∆kyy)dxdy.
(5.9)
The Gaussian transverse profiles can be defined as:
A˜i (x, y, z = 0, ωi) = A˜i (ωi) e
− y2
b2yi
− x2
b2xi , (5.10)
where i = 1, 2 indicates the two incident beams Ω and ω − Ω respectively, and
by, bz defines the Gaussian width in their dimension. Put equation 5.10 into 5.9,
then we can get:
A˜3 (ω, φ, θ) =B˜(ω)χ
(2)(ω; Ω, ω − Ω)A˜1 (Ω)A2 (ω − Ω)
·
∫ L
0
ei∆kzz · dz
∫ +∞
−∞
dy · e−
y2
b2y
+i∆kyy
∫ +∞
−∞
dx · e−
x2
b2x
+i∆kxx
,
(5.11)
where we define:
1
b2x
=
1
b2x1
+
1
b2x2
,
1
b2y
=
1
b2y1
+
1
b2y2
.
(5.12)
In equation 5.11, the intergrations can be calculated separately:∫ L
0
ei∆kzzdz =
ei∆kzL − 1
i∆kz
, (5.13)
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and∫ +∞
−∞
dxe
−x2
b2x
+i∆kxx
= e(
ibx
2
∆kx)
2
· bx ·
∫ +∞
−∞
e−(
x
bx
− ibx
2
∆kx)
2
d
(
x
bx
− ibx
2
∆kx
)
= e(
ibx
2
∆kx)
2
· bx ·
√
pi.
(5.14)
A similar result can be obtained for y component. Putting the integration re-
sults 5.13 and 5.14 into 5.11, then the final result for the generated field at the
observation point is:
A˜3 (ω, φ, θ) =B˜(ω)χ
(2)(ω; Ω, ω − Ω)A˜1 (Ω) A˜2 (ω − Ω)
· e
i∆kzL − 1
i∆kz
· pibxbye−(
bx
2
∆kx)
2
e
−
(
by
2
∆ky
)2
.
(5.15)
To consider the contributions of all of THz wave frequency components, the
A˜3 (ω, φ, θ) needs to be integrated over the entire THz spectrum Ω. The gener-
ation efficiency of new frequency is related to the phase matching efficiency of
each incident beam frequency. This phase matching efficiency is described by the
phase matching term in equation 5.15, and has a form of:
ξ˜ (ω, φ, θ) =
ei∆kzL − 1
i∆kz
· pibxbye−(
bx
2
∆kx)
2
e
−
(
by
2
∆ky
)2
. (5.16)
As
∣∣∣ ei∆kzL−1i∆kz ∣∣∣2 = L2Sinc2 (∆kzL/2) is known, equation 5.16 indicates that the
intensity of the new generated wave is modulated not only by the Sinc2 function
in the propagation direction z, but also by the transverse profiles in the x-y plane,
by the relative propagation angles of the incident beams, and by the observation
angle. The beam transverse profiles restrict the phase matching process further.
With increasing the beam size bi, the bandwidth of phase matching function will
become narrower, and the phase matched or nearly matched area shrinks which
implies the emitting angle of the generated upconversion signal goes down.
Turning to our frequency upconversion experiment, a quasi-monochromatic laser,
tens of picosecond duration, and a THz pulse are incident into a ZnTe crystal.
Due to the sum-frequency and difference-frequency generation, the output light
will generate sidebands at the central laser frequency in its spectrum, which is
shown in [13] and here in the schematic diagram 5.2. The spectrum is expected
following the χ(2) interaction of monochromatic probe at frequency ω0 with THz
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Figure 5.2: Schematic diagram of sidebands generation. Upper: input
monochromatic probe at frequency ω0. Bottom: generated sidebands at ω0 +Ω
and ω0 − Ω with input THz frequency Ω through χ(2) interaction.
wave at frequency Ω. For EOSD, the output spectrum is a summation over all
possible input frequencies {ω0} and THz frequency {Ω}.
To describe the equation 5.5 in details based on the geometry in figure 5.1, a
frame can be chosen that the THz beam and laser beam only propagate in the
x-z plane. In the experiment, the laser beam propagates along the z-axis with
φ1 = 0 and θ1 = 0. The THz beam propagates in the x-z plane with φ2 = 0
and θ2 = θ. The generated signal is observed in x-z plane so that φ3 = 0. To
simplify the notation, θ3 ≡ φ is defined here. In order to show clearly the phase
matching process in this specific case, the notation is changed to that ksum = k3,
kTHz = k1, kopt = k2, and ωopt = ω − Ω. Therefore for the sum-frequency
generation, the phase matching process is:
∆k+x = |ksum (ωopt + Ω)| sinφ− |kTHz (Ω)| sin θ, (5.17)
∆k+y = 0, (5.18)
∆k+z = |ksum (ωopt + Ω)| cosφ− |kTHz (Ω)| cos θ − |kopt (ωopt)| . (5.19)
Similar, the phase matching process of the difference-frequency generation is:
∆k−x = − |kdiff (ωopt − Ω)| sinφ− |kTHz (Ω)| sin θ, (5.20)
∆k−y = 0, (5.21)
∆k−z = − |kdiff (ωopt − Ω)| cosφ− |kTHz (Ω)| cos θ + |kopt (ωopt)| , (5.22)
Page 118
Section 5.3
where, the Ω is the THz frequency, and k = n(ω)ω
c
. The ZnTe refractive index for
800 nm and for THz beam can be found in equation 3.2 and 3.4.
5.3 Experiment
5.3.1 Setup description
Figure 5.3: Scheme of setup: a broadband laser is splitted into probe beam
and pump beam. The probe beam passes through a delay stage and a band-
width filter, becoming a narrow band laser beam. The pump beam is expended
and focused on a GaAs wafer to generate THz wave. The THz wave modu-
lates the probe beam in a 4 mm ZnTe crystal and can be detected either by a
balance detection or by a spectrometer with ICCD camera.
In order to study the angular distribution of the emitted optical wave in spectral
upconversion based on the phase matching process, a setup, shown in figure 5.3,
is built up. In the figure, the laser comes from a 1 kHz titanium sapphire laser
system (λ0 = 800 nm). The laser beam is splitted to pump and probe beams by
a beam splitter, and 90% of laser energy towards the pump arm. In the pump
beam line, THz is generated by a GaAs wafer, and passes through two parabolic
mirrors setting for angle tuning measurement. The probe beam passes through a
bandwidth filter, mainly composed by two gratings and two focus lens, and the
output probe has a 0.5 nm narrow bandwidth. The probe beam and THz beam
are combined in the crystal by a dichroic mirror. The detection system can be
switched between balance detection for THz time domain scanning and crossed
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polarization detection for emission angle distribution measurement. Since the
THz beam, laser beam and generated signal beam should remain in a same plane,
a 90 degree periscope in the detection part can transfer the horizontal varying of
the THz beam into vertical varying in spectrometer as shown in the figure 5.4.
A 200 mm spherical lens (L5 in figure 5.3) focuses the beam into the entrance
pupil of a spectrometer. A vertical slit sits on the frequency spectral plane of
lens L5 and this lens converts the signal emission angle into spatial position. The
slit also removes the horizontal spectrum in order to improve the resolution of
the spectrometer. An ICCD camera on the exit pupil of the spectrometer images
this spatial position on the entrance pupil. The purpose of the arrangement is to
measure the upconverted spectrum and its angular dependence, as a function of
the incident THz wave angle. Therefore it is essential to quantify and measure the
non-collinear angle between the incidences. The setting of two parabolic mirrors
as shown in figure 5.5 can achieve this purpose.
Figure 5.4: Horizontal angular variation is converted to vertical position
variation at the spectrometer entrance slit.
A THz beam incidents on a mirror with a gimbal mount, collected by two
parabolic mirrors, and finally focused in a 4 mm ZnTe crystal. The mirror sitting
in the gimbal mount can be tuned around its centre axis, and the THz beam is
focus on the centre of this mirror. The centre point of this mirror is also the focal
point of the parabolic mirror 1. In figure 5.5, the green and red lines show THz
beam after the gimbal mounted mirror with two different incident angles. All
the beams between the two parabolic mirrors are parallel. The parabolic mirror
2 focuses all the parallel beams in ZnTe crystal. Since the two parabolic mirrors
have the equal 152.4 mm reflected focal length, the image magnification is 1 and
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Figure 5.5: Setting of the two parabolic mirrors: green beam and red beam
are with different mirror tuning angles
the THz tuning angle on ZnTe crystal can be read out from the gimbal mount
with an accuracy of 0.1◦. Care has to be taken that if the mirror on gimbal mount
rotates angle θ, the output THz wave will rotate 2θ. Due to this setting, the focal
spot in ZnTe crystal is an image of the focal spot on the mirror on gimbal mount
with the same size. Therefore, the focal point in ZnTe stays stable and is inde-
pendent with the incident angle. For optical path, comparing to the red beam,
the short travelling distance of the green beam outside the two parabolic mirrors
can be compensated by travelling longer distance between this two mirrors. As
a consequence, both focusing position and arriving time of THz beam on ZnTe
crystal will not change with the incident angle tuning.
The THz focal spot size on the gimble mirror, which is the same size as on the
ZnTe crystal, can be calculated by the complex beam parameter of Gaussian
beam. Its value at the position just before lens L1 can be expressed by following:
1
qin (z)
=
1
R (z)
− i λ
piw2 (z)
, (5.23)
where z is the position on the beam propagation direction, R is the curvature
radius of wave front, and w is beam waist. The scheme of laser beam expending
and focusing by lens L1, L2, and THz generation by a GaAs wafer are shown in
the whole system scheme 5.3. Since the collimated optical beam normal incidents
on lens L1 with a beam size 10 mm, the curvature radius R is infinity and the
qin is only related to optical wavelength (λ = 800 nm) and beam size (w0 = 10
mm). After propagating, the beam complex parameter on GaAs wafer can be
Page 121
Chapter 5 Phase matching in sideband generation
calculated by ‘ABCD’ law [75]:(
A B
C D
)
=
(
1 d2
0 1
)(
1 0
− 1
f2
1
)(
1 d1
0 1
)(
1 0
− 1
f1
1
)
, (5.24)
where the d1 = 127.5 cm and d2 = 36.0 cm are the distance from lens L1 to L2,
and from L2 to the wafer respectively. The focal lens of L1 and L2 are -30 mm
and 600 mm and their diameters are 25.4 mm and 101.6 mm respectively. Then
the complex beam parameter on the wafer position is:
qout =
Aqin +B
Cqin +D
. (5.25)
On the wafer surface, the generated THz continues to propagate along the optical
wave direction, which implies having the same q value, but different wavelength.
After the wafer, the propagation of generated THz wave to the gimbal mirror
can be calculated by the ‘ABCD’ matrix again. Through the equation 5.23 with
THz wavelength, the THz Gaussian beam waist at the gimbal mirror can be
calculated. Figure 5.6 shows the calculation result that the THz focal size is
linearly dependent with wavelength, and the range of wavelength is equivalent
to THz range from 0.1 THz to 6 THz in the figure. For 1 THz beam (0.3 mm
wavelength), the focal point size at the mirror is 0.5 mm.
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Figure 5.6: Calculation of THz beam size on the gimbal mirror with wave-
length
To quantitatively study the emission angle with respect to the THz incident angle,
the measured position on ICCD camera needs to be calibrated to the output angle
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from the ZnTe crystal. Since the entrance of the spectrometer is imaged on the
ICCD camera, the relation of beam position on the entrance to the emission angle
can be calculated first, and an image magnification factor is considered to obtain
the calibration on the camera CCD. The scheme of the beam propagation from
the ZnTe crystal to spectrometer is shown in the figure 5.7, where the angle θ is
the beam emission angle at ZnTe crystal and x is the distance of beam position
to the centre of the spectrometer entrance. The entrance is set at the focal plane
of the lens L5 with focal length f = 200 mm, so that the collimated emission
beam with angle θ will be focused at position x, with a relation that x = tan θ ·f .
Figure 5.7: Effective lens arrangement used for calibrating the angle to
displacement relationship in the upconversion detection
From the entrance to the camera CCD, an image magnification is included in the
calculation that x = d
M
, where d = 3.45 mm is the half of CCD vertical size (512
pixels), M = 1.1/2.17 is an image magnification through the spectrometer and
ICCD camera, including the spectrometer magnification 1.1 and camera intensi-
fier to CCD deflation factor 2.17. Therefore the emission angle can be calculated
by the following equation:
θ = tan−1
(
d
Mf
)
. (5.26)
As a calculation result, the angle calibration factor is 0.5651◦/mm and 0.0038◦/pixel.
The 6.9 mm full size of CCD can cover 3.9◦ external angle. Since the angle con-
sidered here is in a small range, the relationship of angle θ and position d can
be seen as approximately linear. Because of diffraction limit from lens L5 in fig-
ure 5.3, the resolution R on the entrance of spectrometer can be calculated by
R ≈ 1.22fλ
D
= 97.6 µm, where f is 200 mm focal length, λ is 800 nm optical beam
wavelength, and D is 2 mm probe beam size. Therefore, on the CCD the smallest
spot can be resolved is 50 µm, which is approximately 7 pixels (6.7 µm/ pixel).
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5.3.2 Spectrometer calibration
Experimental data was acquired by a PCO pro ICCD camera after the monochro-
mator (HORIBA JOBIN YVON, iHR550). The wavelength scaling of the spec-
trum depends on the camera alignment and needs to be calibrated for each new
setup.
In the sidebands generation experiment, a narrow band probe laser comes out of a
bandwidth filter. The method for calibration is that: a slit in the bandwidth filter
can be moved to select different wavelength, and its position and the spectrum
of the narrow band probe laser can be recorded by both a commercial USB
spectrometer (OceanOptics Inc. USB4000) and PCO camera via iHR550. Based
on the same slit position, the iHR550 spectrometer can be calibrated by the USB
spectrometer.
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Figure 5.8: Spectrum of probe beam measured by a USB spectrometer: The
Fourier plane slit position is from 4 mm to 9.5 mm. The red ‘x’ mark line is
the full spectrum of probe beam without Fourier plane filter.
Figure 5.8 shows the spectrum of the narrow band probe measured by the USB
spectrometer. The entrance slit size is 16 µm, and position is from 4 mm to 9.5
mm. The blue curves in the back are recorded spectrum, and the colour curves
in the front are their Gaussian fittings. The red ‘x’ mark line is the full spectrum
of probe beam without Fourier plane filter. The parameters are shown in the
following table 5.1:
From this measurement on wavelength versus detector pixel number, a calibration
factor of −1.76 × 10−2 nm/pixel with 0.4% standard error is obtained. The
bandwidth of the narrow probe is 0.45 nm FWHM.
Page 124
Section 5.4
Table 5.1: Spectrum calibration
Fourier plane filter position(mm) 4 5 6 7 8 9.5
wavelength(nm) 813.32 810.13 806.87 803.63 800.4 795.51
Pixel 185 371 558 745 933 1208
5.4 Measurement Analysis
5.4.1 Sidebands imaging
In the emission angle measuring experiment, a 4 mm thick ZnTe crystal is used
and an iris is used after the bandwidth filter to provide a certain transverse beam
size for the probe beam. The measurement results are shown in figure 5.9.
The figure shows the generated sum and difference sidebands with different emis-
sion angle when the incident THz beam is not collinear with the probe beam.
The images are background removed and 30 shots averaged. The result of figure
5.9(a) 5.9(b) 5.9(c) are obtained from a 2 mm size beam with 0 degree, 6 degree
and 14 degree THz incident angle respectively. Figure 5.9(d) is obtained from a
4 mm beam size probe at 14 degree THz incident angle. The maximum emis-
sion angle difference between sum and difference frequency is around 0.08 degree
(external angle) at 14 degree non-collinear angle.
Figure 5.10 shows the external angle chirp induced by the THz incident angles.
The centre angles are obtained by Gaussian fitting for the profile at each THz
frequency component. The angle chirp linearly depends on THz frequency in
the first three images of figure 5.9. From the plots, it obviously shows that the
0 degree incident THz angle has an offset error, since its slope is not zero as
expected from calculation. Between ±0.1 THz range, the plot is invalid because
the low intensity of THz frequency components lead to a poor signal to noise
ratio. In order to describe angular offset induced by the phase matching, a
standard of chirp rate, which is defined as the external angle per unit frequency
after emitting out of crystal divided by the external incident angle before crystal
front, is induced here. This chirp rate is related to the crystal refractive index, its
frequency response and laser centre wavelength (corresponds to refractive index).
The chirp rate measured for this 4 mm ZnTe with 800 nm probe laser is 2.7×10−3
THz−1, which includes the correction of the offset error at incident angle. The
chirp rate for GaP can be found in reference [76].
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(d) THz angle 14 degree, 4 mm beam size
Figure 5.9: Angle-wavelength mapping of phase matching: the measured
data includes THz bandwidth with a 4 mm thick ZnTe crystal. The THz
external incident angle is 0◦, 6◦, 14◦, and probe beam size is 2 mm or 4 mm
5.4.2 Calculation results
In figure 5.11, a phase matching scheme is shown. θ is the THz incident angle,
according to laser propagation direction, while ϕ is signal emission angle.
In order to calculate upconversion signal’s angular spread with a certain input
THz angle as in the experiment, the input laser pulse is set at normal incidence
on the crystal. Figure 5.12 shows the calculated spectrum as function of the
observation angle, calculated based on equation 5.16, with several THz incident
angles. The thickness of the crystal is 4 mm. The vertical axis shows external
angle of the generated signal, and horizontal axis is wavelength. The figures show
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Figure 5.10: Induced external angle chirp by THz incident angles at 0◦, 6◦
and 14◦
Figure 5.11: Scheme of phase matching: Vector KTHz has an angle θ to z
axis and vector Ksignal has an angle φ to z axis.
the magnitude square of phase matching efficiency, included THz field, ξ˜ (ω, φ, θ) ·
E˜THz. The centre wavelength is 800 nm (375 THz), shown as 0 THz in the figure.
The THz and optical beams are refracted at the ZnTe crystal boundaries, and the
figures show the angle outside crystal (external angle) in the figure. The internal
angles θint are converted to external θext by θext = sin
−1(n sin(θint)), where n is
refractive index in the crystal. With the THz incident angle increasing, the sum
and different frequency signals are going toward to a larger emission angle. For
14◦ THz incident angle, the signal emission full angle is less than 0.1◦ external
angle. The beam size effect can be seen by comparing the figure 5.12(c) with
5.12(d) as it is explained for the equation 5.16. The calculations agree with the
measured results in figure 5.9. As will be shown, despite the angles being small
they can give rise to measurable consequences in the EO crystal.
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(b) THz angle 6 degree, 2 mm beam size
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(c) THz angle 14 degree, 2 mm beam size
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Figure 5.12: Intensity of upconversion signal with angular spread φ and
wavelength Ω mapping by calculation. Three external THz angle θ situations
with 2 mm beam size: (a) θ = 0 degree, (b) θ = 6 degree and (c) θ = 14 degree.
(d) shows the result at θ = 14 degree with 4 mm probe beam size. Horizontal
axis is wavelength and vertical axis is external emission angle.
5.5 Implications for EOSD
In the upconversion measurement, the quasi-monochromatic laser interacts with
a THz wave. The EOSD measurement is a summation of all of these interactions
at each probe frequency. This study on the induced sidebands emission angle
chirp by non-collinear incident beams can be directly applied in EOSD detection.
The frequency components of the measured EO signal on fibre coupling, therefore
can be estimated.
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Figure 5.13: Bandwidth related to external angle acceptance: phase match-
ing efficiency with 500 µm thick ZnTe, 500 µm incident beam size and 7 degree
external THz incident angle. The dotted line, dashed line and straight line
show the transmitting allowed emission angle between ±0.02, ±0.04, and ±0.1
degree respectively.
5.5.1 Fibre coupling calculation
The process of sidebands generation is shown in the above calculations and mea-
surements. This process is a combination of THz frequency replica and phase
matching process. And the results depend on the THz spectrum. For a gen-
eral description on phase matching which is independent of THz source, only
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the phase matching efficiency term in equation 5.16 is shown in figure 5.13. For
practical purpose, a 500 µm ZnTe with 500 µm incident beam size and 7 degree
THz angle are applied in the calculation. A thin crystal can provide a broader
bandwidth response. Figure 5.13(a) shows the phase matching efficiency map-
ping with external emission angle and frequency. Three apertures are marked
in the figure to show the restrictions on the acceptable angles. The dotted line,
dashed line and straight line show the transmitted emission angles are between
±0.02, ±0.04, and ±0.1 degree respectively. Their transmitted spectrum is shown
in figure 5.13(b). In this case, the acceptable angles between ±0.02, ±0.04, and
±0.1 degree show 2 THz, 4 THz and full 6 THz bandwidth (FWHM) respectively.
Therefore an aperture in the optical transport system may limit the bandwidth
of the measurements and leads to an broadening in bunch length measurement.
For a broad bandwidth probe, as used in EOSD system for example, the EO
effect can be considered as the summation of each monochromatic component of
the probe beam, which is a convolution of the probe spectrum and THz beam
spectrum as shown in equation 2.59. Therefore the broad bandwidth probe leads
to a spectrum broadening only in horizontal direction of figure 5.13(a), and the
chirp rate keeps the same.
For a EO based bunch profile monitor, any misalignment between an optical
probe and an e-bunch may induce the angular chirp on the emitted signal. For
the EOSD bunch profile monitor on CALIFES, the probe laser is coupled into
a fibre for detection. The fibre tolerance for this angle spatial dispersion can be
calculated. From ZnTe crystal to a fibre coupler, 3 meters distance is supposed,
which is similar with the EOSD system in CTF3. A fibre coupler (Thorlabs’
F810FC-780) is used here, with NA = 0.25, f = 36.01 mm. The coupler is
connected to a multi-mode fibre with NA = 0.22 and 50 µm core. Calculated
by ray tracing matrix based on these parameters, the angular tolerance for the
fibre coupling is the emission offset angle of 0.04 degree relative to the central
axis after the ZnTe crystal. With this tolerance, a 1 THz signal from 7 degree
THz-probe misalignment can be coupled into a fibre and a 2 THz signal is just
on its limit. The beam size focused on fibre pupil is 24 um for a 2 mm incident
beam. In another word, in order to measure bunch length of longer-than-0.5 ps,
the misalignment between the bunch and probe laser has to be controlled within
7 degrees to avoid losing any frequency component. For the bunch length less
than 0.5 ps, its frequency components over 2 THz will not be transported into
the detection system.
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5.6 Conclusion
The non-collinear incident beam plays a role on the emission angle of EO signal
through beam size included phase matching process. A chirp rate of 2.7 × 10−3
THz−1 is measured for 4 mm ZnTe at 800 nm wavelength. For EOSD bunch
profile measurement application, a non-collinear incident beam, by misalignment,
will induce an angular chirp on the generated EO signal. This chirp may limit
the bandwidth on fibre coupling, furthermore limit the resolution of measured
bunch profile. This angular chirp need to be considered in the measurement and
need to be reduced until it is compatible with the required resolution, spatially
for long transfer line system.
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Chapter 6
Conclusions and future
perspectives
An electro-optic bunch profile monitor for the CLIC test facility (CTF3) has been
developed, and the fundamental capabilities and limits of the system are investi-
gated as part of the CLIC diagnostic development. The principle of the monitor is
based on the non-invasive electro-optic spectral decoding technique, which while
is not generally capable of the highest time resolution for CLIC design. It shares
a common physical basis with other electro-optic techniques, investigations in-
clude signal to noise ratio, and frequency detection. Therefore it has a generic
application to all EO systems. The EOSD system satisfies moderate time resolu-
tion requirements of CLIC, while also informing the expected capability of other
EO-based techniques.
This thesis summarises frequency analysis approach of electro-optic effect based
on χ(2) frequency mixing process. This approach starts from Maxwell’s equations,
and ends with a general solution of wave equation for two broadband incident
electric fields. Comparing to the classical refractive index approach, the effect
and behaviour of the new generated frequency are clearly shown. The result
can be used to describe not only the EO sampling setup, but also for signal-shot
techniques. The application examples for EO sampling, EO spectral decoding and
spectral upconversion are given. Specific for EOSD system, the final equations for
both crossed polarization setup and balance detection setup in frequency domain
including EO crystal angle, half-wave plate angle and quarter-wave plate angle
are given. The dependence of the crystal angle and probe beam polarization
orientation on the detection signal is shown, which can be used to guide the
crystal implementation for bunch profile measurements. By offset the half-wave
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plate angle, the detection signal from a crossed polarization setup includes a probe
background term, a linear proportional to Coulomb field term and a quadratic
to Coulomb field term. The roles of these three terms are studied. Based on
the frequency approach, the limitation of the EOSD system is derived and its
dependence on the original probe duration and chirped duration is given.
EOSD detection signals are estimated based on numerical calculations for four
fibre laser options. The calculation results help us to decide a best scheme for
measuring CALFIES bunch profile and show a 2.7 nJ probe beam, with initial
120 fs pulse duration chirped to 3 ps and 1 mm ZnTe, can generate a 9 pJ
detection signal for measuring a 1.4 ps duration electron bunch with 1.6 MV/m
field strength. The entire scheme of the EOSD bunch profile for CALFIES is
described and its laser system, stretchers, the optical transfer line, the OTR
transfer line, the two vacuum chambers, home-made spectrometer, the detection
ICCD camera and the laser synchronization are shown in details. The bunch
profile monitor for CALIFES beam line is implemented and commissioned at
CERN. Since the CALIFES can only provide several picosecond long bunch at
the implementation time, the monitor system is modified to measure longer bunch
than the one designed for. The probe laser is chirped to 13.8 ps from 130 fs and
4 mm ZnTe crystal is installed. The monitor has a resolution of sub-picosecond
and suitable for bunch longer than 3.5 ps with effective window of 16 ps. The
system can be used to measure the bunch with 0.17 nC charge, 6 ps duration, at
2 mm offset position, and single shot measurement shows a signal to noise ratio
of 28. The system can be modified to a better resolution system by applying
thinner crystal and shorter laser pulse chirp duration.
Since the directly measured EOSD data is related to the probe laser spectrum
intensity, all the measured data should be normalized by the probe spectrum. A
demonstration on the relationship between the measured bunch profile and bunch
charge is studied. Bunch length measurements are compared with streak cam-
era measurements by measuring e-bunch generated OTR photons. Although the
streak camera was not optimised for bunch length measurement, the corrected
streak camera measured bunch lengths are consistent with the EOSD measure-
ments. A deliberate offset half-wave plate induces all three of the background
term, the linear term and the quadratic term in the measured data. Three meth-
ods were introduced to retrieval bunch Coulomb field value. The two-shot mea-
surement of the three provides a quick retrieval process to obtain Coulomb field
strength, meanwhile the least squared fitting method overcomes the systematic
error and provides a precise result. The retrieved value, 1.3 MV/m, agrees with
calculation result. The Coulomb field profile retrieved from the linear term shows
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the original polarity of the field and its negative part of the field may imply the
bunch wakefield.
A frequency-dependent EO signal emission angular chirp induced by two non-
collinear incident beams at EO crystal is studied. In order to show this ef-
fect clearly and simply, the calculation and experiment are based on a quasi-
monochromatic laser probe at 800 nm and a THz wave. Due to the beam size
and incident beam angle included phase matching approach, the generated EO
signal is angular chirped by frequency and the chirp rate is 2.6 × 10−3 THz−1
for a 4 mm ZnTe crystal with probe beam at 800 nm wavelength. Although the
experiment is based on a quasi-monochromatic probe beam, the conclusion can
be extended for a broadband probe by summing the contributions of all frequency
components. This study can guide us on some detection issue of an EOSD bunch
profile monitor. Due to this frequency dependent offset, part of frequency com-
ponents may be missing in the signal coupling for detection. A case is calculated
that for the bunch profile monitor in this thesis, 7 degree misalignment on the in-
cident angle between the laser probe and Coulomb field may cause the frequency
over 2 THz losing, which leads to a 0.5 ps time limitation.
For achieving a resolution of 20 fs rms, the future work can be focused on im-
proving EO measurement resolution. The resolution is currently limited by the
bandwidth of EO detection materials. A new EO material with 50 THz band-
width can easily push the resolution down to 20 fs level. Or it may be also
possible that find a method to combine different EO crystals which cover dif-
ferent frequency range. The key issue is to retrieve phase information from all
crystals and combine them.
For narrowband laser, the spectral upconversion method can shift bunch spectrum
up to nearby laser frequency, which is a new way to measure the bunch profile
information. Its phase retrieval methods has been mentioned in Chapter 1. For
broadband laser, a distortion will appear in EOSD-type bunch profile monitor if
the measured bunch length is very short and an oscillation can be seen in the
measured signal. This oscillation seems related to the short bunch length as well
[45]. It becomes a question if the short bunch profile can be restored from the
distorted signal.
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